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Introduction
The mandibular condyle plays a significant role in the development of the orofacial
complex and has therefore received special attention in orthodontics. Impaired growth
of the condyle contributes to the development of mandibular asymmetries and
retrognatia. During mandibular development, the cartilage of the mandibular condyle
provides endochondral bone growth and functions as a regional adaptive growth site.
It has the capacity to adapt the amount and direction of its growth to accommodate
nasomaxillary, dental and basocranial growth (Enlow, 1996). In orthodontic therapy in
juveniles, functional appliances are used in order to improve the jaw relationship by
using the adaptive growth capacity of the condylar cartilage as well as the adaptive
processes in the glenoid fossa. In the adult, only the articular function of the
mandibular condyle remains.
The cartilage of the mandibular condyles is considered as secondary cartilage,
while the epiphyseal growth plates, the synchondroses, and the cartilage of the femoral
heads are all referred to as primary cartilages. This terminology relates to their
embryonic origin. Primary cartilages are part of the primary cartilaginous skeleton,
while secondary cartilages develop independent of the chondroskeleton and in close
association with membranous bones (Beresford, 1981). Primary and secondary
cartilages also differ in histological organization and in the composition of their
extracellular matrix (Copray et al, 1986; Pietila et al, 1999). The characteristics of each
type of cartilage will be described in more detail in chapter 2.
The orthodontic literature attributes a more independent growth potential to
primary than to secondary cartilage. The secondary cartilage of the mandibular condyle
is said to be more sensitive to functional factors (Kantomaa et Hall, 1988). Numerous
studies have already shown the crucial role of hormones and growth factors in the
growth and development of primary cartilages (Hill and Logan, 1992; Stevens and
Williams, 1999; Ballock and O’Keefe, 2003). In the last decade, growth factors and
their receptors have also been detected in the mandibular condyle (Moroco et al, 1997;
Li et al, 1998; Molteni et al, 1999a; Visnapuu et al, 2002a). In vitro experiments support
the role of these factors in the regulation of growth and metabolism of the mandibular
condylar cartilage (Maor et al, 1999; Molteni et al, 1999b; Fuentes et al, 2002).
Moreover, local mediators such as growth factors and cytokines probably play a role in
the translation of mechanical stimuli into cellular responses and therefore may be
involved in the adaptive response of the mandibular condyle to mechanical forces. A
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more comprehensive review of the regulation of cartilage growth will be given in
chapter 3.
Some investigations suggest that growth factors differentially regulate primary
and secondary cartilages, which is based on the specific localization of growth factors
and their receptors in the tissue (Tajima et al, 1998; Visnapuu et al, 2001; 2002b).
However, to our knowledge, only one study has directly compared the effects of
growth factors on the two types of cartilage. This in vitro study showed that some
growth factors stimulate cell proliferation and matrix synthesis both in primary costal
cartilage and in the secondary cartilage of the mandibular condyle (Copray et al, 1988).
However, other factors differentially affected proliferation and matrix production in
the two types of cartilage. Therefore, more specific studies are needed to compare the
response of primary and secondary cartilages to growth factors.
General aim
The purpose of this thesis is to gain a better insight into the regulation of growth of
the mandibular condyle. Therefore, we compared the response to growth factors of
the secondary cartilage of the mandibular condyle and the primary cartilage of the
femoral head from four-day-old rats. Both types of cartilage are initially involved in
growth processes in the juvenile, and function as articular cartilage in the adult.
Insulin-like growth factor-I (IGF-I), transforming growth factor-ß1 (TGF-ß1), and
fibroblast growth factor-2 (FGF-2) were selected because of their well-known
regulatory function in primary cartilages. The response of the cartilages to the growth
factors was evaluated in terms of histological changes, increase in dimensional growth,
and changes in the synthesis of extracellular matrix components.
Overview of the thesis
Chapter 1 provides a short introduction to the study.
Chapter 2 reviews the different types of cartilage in the human body, and their
major functions during growth and in the adult. The differences between primary and
secondary cartilages are emphasized.
Chapter 3 gives an overview of the regulatory mechanisms involved in cartilage
growth and development. The crucial role of growth factors is discussed in more
detail.
In chapter 4, the initial differences between the mandibular condyle and the
femoral head from four-day-old rats were analyzed. The general tissue organization
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and the expression of the collagen types I, II and III, and of the receptors for IGF-I,
TGF-ß1 and FGF-2 were compared. In addition, cell proliferation, glycosaminoglycan
(GAG) synthesis, and GAG and collagen content were analyzed ex vivo.
The aim of chapter 5 was to compare the growth of mandibular condyles and
femoral heads in vitro, and to analyze the effects of IGF-I. The histological
organization, cell proliferation, GAG synthesis, and matrix composition of both types
of cartilage were also investigated.
In chapter 6, the effects of IGF-I, TGF-ß1 and FGF-2 on the cell proliferation
and GAG synthesis of both types of cartilage were compared. In addition, the synergy
between these growth factors was investigated. The effects of TGF-ß1 and FGF-2 on
tissue organization, growth and matrix composition were also evaluated.
In chapter 7, the effects of TGF-ß1 on the primary and secondary cartilage were
studied after varying culture periods. The growth, cell proliferation, GAG synthesis,
and the GAG and collagen contents were analyzed. In addition, the histological
organization, the level of mineralization, and the localization of cell proliferation and
GAG synthesis were compared.
Chapter 8 describes the effects of FGF-2 on growth and metabolism of both
types of cartilage after varying culture periods. As in chapter 7, biochemical analyses
were used to determine the level of DNA and GAG synthesis, and the collagen and
GAG content. The tissue organization, the mineralization and the localization of cell
proliferation and GAG synthesis were also analyzed.
In chapter 9, the results from the different studies are discussed in relation to
each other, and general conclusions are drawn.
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2.1 Introduction
With a few exceptions, most of the early cartilaginous skeleton of vertebrates is later
replaced by bone (Serafini and Smith, 1974). Cartilage persists only in those areas
where its particular properties are functionally superior to bone. Cartilage is a stiff
tissue exhibiting viscoelastic properties when subjected to tension, compression or
shearing forces (Hunziker and Herrmann, 1990). The thin layer of articular cartilage
that persists on the articulating surface areas of bones provides an extremely smooth
gliding surface with very little friction. Cartilaginous epiphyseal plates in long bones
provide a mechanism of longitudinal growth throughout the growth period. The
persistence of cartilage in other regions like in the nose, trachea and outer ear is
associated with its more elastic properties than bone. The aim of this chapter is to
describe the general composition of cartilage, the various types of cartilage and their
functions in the vertebrate body. The role of cartilage in the development of the
craniofacial complex and particularly the mandibular condyle will be analyzed in more
detail.
2.2 The composition of cartilage
Cartilage is a connective tissue composed of relatively few cells, the chondrocytes, in
an abundant and highly specialized extracellular matrix, which consists mainly of
collagens and proteoglycans (Hunziker and Herrmann, 1990). Cartilage usually
contains no nerves, blood vessels or a lymphatic system. The large amount of
glycosaminoglycans (GAG) and water in the matrix permits diffusion of nutrients and
metabolic waste products through the matrix.
Three different kinds of cartilage are distinguished on the basis of their
respective matrix characteristics. Hyaline cartilage is characterised by a homogeneous,
amorphous matrix which appears translucent. In hyaline cartilage, the cellular and
matrix components generally constitute about 10 and 90% of the tissue volume,
respectively (Ross et al,1995). Hyaline cartilage is the precursor tissue for bones that
develop by the process of endochondral ossification during embryonic development
(Stevens and Williams, 1999). It subsequently persists at different growth sites such as
the synchondroses of the cranial base and serves as an epiphyseal growth site as long
as the bone grows in length. At the end of the growth period, the epiphyseal growth
plates disappear and hyaline cartilage only remains at articular surfaces, in the trachea,
the bronchi, the larynx, the nose and at the ends of the ribs. Hyaline cartilage is mostly
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surrounded by a dense connective tissue, the perichondrium, of which the cells show
similarity to fibroblasts. When active growth occurs, the perichondrium is divided into
an inner cellular layer which gives rise to chondroblasts, and an outer fibrous layer. No
perichondrium is present when the cartilage forms a free surface, as in the articular
joint surfaces, and where cartilage makes direct contact with bone (Ross et al, 1995).
Elastic cartilage is distinguished from hyaline cartilage by the presence of elastin in
the matrix which allows deformation in all directions (Heeger and Rosenbloom, 1980).
Elastic cartilage is found in the external ear, the auditory tube, and in the epiglottis.
This type of cartilage has a surrounding perichondrium such as that found around
hyaline cartilage.
Fibrocartilage is distinguished from hyaline cartilage by the orderly arrangement of
its collagen fibers, by its low GAG content, and by the fact that it is not surrounded
by a perichondrium. Collagen fibres are the principal component, and this tissue is
thereby able to withstand very high tensional and shearing forces. Fibrocartilage is
typically present in the intervertebral discs, the articular disc of the
temporomandibular joint and the menisci of the knee joint (Serafini and Smith, 1974).
We will focus our review on the structure and functions of hyaline cartilage
which is the most relevant to our studies. This cartilage is responsible for growth of
the long bones, the cranial base, and the mandibular condyle.
2.2.1 The cartilage matrix
Cartilage tissue has a high water content (70-80% of its wet weight), which is essential
for its biomechanical functions and is achieved by the high water-binding capacity of
the proteoglycans (Hunziker and Herrmann, 1990). The cartilage matrix is further
made up of collagen, which constitutes about half the dry weight of the tissue (10-15%
of the wet weight), proteoglycans and some minor matrix proteins. The chemical and
structural properties of the matrix molecules provide tensile strength and resilience.
The tensile strength is defined as the ability to distribute weight and resist breakage.
The resilience is, by definition, the ability to regain its shape and texture after
deformation. The tensile strength of cartilage is mainly due to collagen while the
resilience of cartilage is mainly due to the proteoglycans that bind large amounts of
water (Caplan, 1984).
The proteoglycan, GAG and collagen contents of cartilage vary with age and
location. In adult cartilage, the levels of matrix molecules are constant, which is
reflected in stable biomechanical properties of the tissue. A constant, slow turnover of
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these macromolecules takes place by the chondrocytes. If the balance between
synthesis and catabolism of one or more macromolecules is disturbed, the mechanical
properties of the tissue will change. This happens in pathological conditions such as
inflammatory or degenerative joint diseases (De Bont, 1985; Maroudas et al, 1986).
The collagens
The collagens form a large and diverse family of proteins that occur in the extracellular
matrix of connective tissues in all multicellular species (Sutmuller et al,1997). All
known collagen types have the same triple helix structure, but differ with respect to
their overall size, and the nature and location of their globular domains (Dalgleish,
1998). The collagen types I, II and III constitute the group of classical fibril-forming
collagens and account for 80-90% of all collagens in the body (Burgeson and Nimni,
1992). The types II, IX, X, and XI collagen are considered to be specific for cartilage
(Cremer et al,1998). They are frequently used as markers of the chondrocyte
phenotype in contrast to type I collagen, which is the predominant collagen type in
most other connective tissues. The major collagen in hyaline cartilage is type II
collagen, which represents about 80-95% of the cartilage collagens (Eyre, 1991). Type
II collagen provides tensile strength and forms a network that resists the swelling
pressure of aggrecan-hyaluronate aggregates. Type II, IX, and XI collagen together are
organized into fibrils (Mendler et al, 1989). Type II collagen constitutes the bulk of the
fibril, type XI regulates fibril size, and type IX collagen increases the efficiency of fibril
formation and may allow interactions with other extracellular matrix components
(Blaschke et al,2000). Genetic defects in these collagens can produce mild to severe
developmental abnormalities (Cremer et al, 1998). Type X collagen is produced by
hypertrophied chondrocytes and is probably involved in the process of endochondral
ossification (Sutmuller et al, 1997). It is also proposed to play a role in angiogenesis.
The proteoglycans
A proteoglycan consists of a core protein to which one or more glycosaminoglycans
are attached. A glycosaminoglycan is a long carbohydrate chain, made up of repeating
disaccharides of N-acetylhexosamine sulphate and either a hexuronic acid or a
galactose (Heinegard and Paulsson, 1984). Three major types of proteoglycans are
synthesized by chondrocytes, a large aggregating proteoglycan (aggrecan), small
proteoglycans and cell surface proteoglycans. These proteoglycans perform different
functions in cartilage (Handley and Cheng, 1992).
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Aggrecan, the major proteoglycan of cartilage is made up of a core protein to
which up to 100 chondroitin sulfate (CS), 50 keratan sulfate (KS) and 50
oligosaccharide side chains are attached (Luo et al, 2000) (figure 1). The considerable
negative charge of these sulfated glycosaminoglycans is responsible for water binding,
which yields a hydrated, viscous gel that absorbs compressive loads.
figure 1: molecular architecture of the aggrecan molecule and the link protein.
(from Garant, 2003; adapted from Hardingham and Fosang)
Up to 200 aggrecan monomers can bind to hyaluronic acid, a non-sulfated
glycosaminoglycan, to form a large aggregate (Hardingham et al, 1994) (figure 2). The
N-terminal end of the core protein of aggrecan contains a hyaluronic acid-binding
region that is joined to hyaluronic acid by a link protein which is responsible for the
stabilization of the interaction (Caplan, 1984).
figure 2: a large aggregate (from Hardingham et al., 1994 )
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The proteoglycan aggregates bind to the collagen fibers by electrostatic interactions
and by glycoproteins. The proteoglycan aggregates are entrapped within the fibrous
collagen network in a highly underhydrated state (Myers and Mow, 1983). This
generates an osmotic pressure, which would cause the matrix to swell if it was not
counteracted by the tension in the collagen network. These two counteracting forces
are responsible for the mechanical properties of cartilage; resilience and tensile
strength.
The main small proteoglycans of cartilage are decorin, biglycan, and fibromodulin
(Iozzo, 1999). They have similar core proteins and are unable to aggregate with
hyaluronic acid. Their core proteins are rich in leucine and are therefore named small
leucine-rich proteoglycans. They bear only a few dermatan sulphate chains (decorin
and biglycan) or keratan sulphate chains (fibromodulin). In mature cartilage, these
proteoglycans constitute 1-2?  of the total proteoglycan mass (Heinegard and
Oldberg, 1989). Decorin, but to a lesser extent also fibromodulin and biglycan bind to
the cell membrane and to collagen fibrils, and thus regulate fibrillogenesis and matrix
integrity (Redini, 2001). Some growth factors, like fibroblast growth factors (FGFs)
and transforming growth factors-ß (TGF-ßs) can bind to these proteoglycans
(Hildebrand et al, 1994). This creates a mechanism of regulation of growth factor
activity (Ruoslahti, 1991). Decorin is also involved in the regulation of important
biological functions like cell adhesion, and proliferation (Iozzo, 1999). Biglycan is
thought to have important functions in modulating morphogenesis and differentiation
(Bock et al, 2001).
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Figure 3: Arrangement of the major molecular components of cartilage matrix. The empty spaces
are filled by additional aggecan and other proteoglycans to form a stiff gel in a collagen scaffold.
(from Garant, 2003; adapted from Heinegard and Oldberg)
Cell surface proteoglycans such as syndecans, glypican-1 and betaglycan represent a
group of proteoglycans that are associated with the cell membrane (Redini, 2001).
These proteoglycans may interact with various components of cell environment, act as
transmembrane signaling molecules, and thus mediate numerous cell functions
(Bernfield et al, 1999; Zimmermann and David, 1999). They can bind several cytokines
and growth factors, particularly FGFs, and regulate their activity and stability
(Schlessinger, 1995). Betaglycan acts as a receptor for TGF-ß (TGF-ß-type III
receptor) while syndecan can bind FGF.
Minor matrix proteins
Several minor proteins that are neither collagens nor proteoglycans occur in the
extracellular matrix of cartilage (review by Neame et al, 1999). Proteins like
chondroadherin (CHAD), cartilage oligomeric protein (COMP) and cartilage matrix
protein (CMP) seem to be involved in matrix organization or in matrix-cell signaling.
CMP can bind to aggrecan and to collagen and is therefore capable of mediating
interactions between these matrix components (Winterbottom et al, 1992). Other
molecules such as chondromodulin, cartilage-derived morphogenetic proteins
(CDMPs) and pleiotrophin (PTN) are thought to have a regulatory role in cartilage
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maturation. However, the functions of many of these macromolecules, like the
cartilage-derived C-type lectin and cartilage intermediate layer protein (CILP), are still
relatively unclear.
2.2.2 The chondrocytes
Chondrocytes are dispersed throughout the cartilage matrix and occur within matrix
lacunae. Relatively few cells are lying in an abundant extracellular matrix. A structural
feature common to all chondrocytes is the intimate contact between the cell and the
pericellular matrix components (Hunziker and Herrmann, 1990). These cell-matrix
interactions seem to play a regulatory role with respect to cell metabolism and
synthetic activities. The chondrocytes are responsible for the turnover of all matrix
components. Chondrocytes in sternal, articular or disc cartilage are each producing
different arrays of molecules, which leads to differences in matrix composition
(Caplan, 1992). Furthermore, the chondrocytes in a certain cartilage change upon
ageing, and chondrocytes from young and old individuals therefore produce
macromolecules with different chemical and functional properties.
Cartilage can increase in size by appositional and interstitial growth (Enlow,
1990). The formation of new cartilage by a perichondrium is referred to as appositional
growth. Chondroblasts differentiate from the fibroblast-like cells of the perichondrium,
the prechondroblasts, and start producing cartilage matrix. The chondroblasts
progressively move apart as they deposit matrix. When completely surrounded by
matrix, the cells are defined as chondrocytes. The new, young chondrocytes are still
elongated. Later, they enlarge by lipid and glycogen accumulation in the cytoplasm and
become more or less spherical. Interstitial growth is the process by which new cartilage is
formed within a pre-existing cartilage mass. New chondroblasts are formed by mitoses
of pre-existing chondrocytes within their lacunae. All daughter cells of a divided
chondrocyte occupy the same lacuna, but, as they produce extracellular matrix, they
become separated from each other and thus become chondrocytes.
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2.3  Functions of cartilage
Hyaline cartilage acts as a scaffold for bone and is responsible for growth in the
synchondroses of the cranial base and in the epiphyseal plates of long bones (Enlow,
1996a). This is possible because cartilage can grow under pressure, which bone can
not. In long bones and the cranial base, cartilage is mostly replaced by bone except in
the joints. In these locations, cartilage persists and covers the bone as articular
cartilage. It also fulfils other permanent functions within the adult skeleton. It gives
flexible support in the nasal tip, the ear lobe, the thoracic cage, and the tracheal rings
(Hunziker, 1992). In the next paragraphs the functions of cartilage will be discussed in
more detail.
2.3.1 Endochondral bone formation
The formation of bone is classified either as intramembranous or endochondral (Ross
et al, 1995). Irrespective of its origin, the initial bone has an irregular appearance. In
both cases, this ?woven bone? is subsequently remodeled into a bone with a more
lamellar structure, providing it with additional physical strength. During
intramembranous bone formation, bones form directly from condensations of mesenchymal
cells. The flat bones of the skull and face develop by intramembranous bone
formation. The long bones of the developing skeleton initially originate from the
process of endochondral ossification, where cartilage serves as the initial «Anlage» which is
later replaced by bone (DeLise et al, 2000).
Endochondral bone formation begins early in embryonic development with the
migration of undifferentiated mesenchymal cells to areas destined to become bone.
These cells undergo a condensation step and form the initial shape, the «Anlage» of
the bone which is to be formed (Thorogood et al, 1975). The formation of pre-
cartilaginous condensations and the differentiation of mesenchymal cells into
chondroblasts and chondrocytes mark a change in the extracellular matrix (ECM). The
undifferentiated mesenchymal cells produce an ECM rich in collagen type I while the
chondroblasts and chondrocytes produce cartilage specific collagen type II, IX, XI,
and aggrecan (Koscher et al, 1986; Ede, 1983). Chondrocytes in the centre of the
«Anlage» begin to synthesize alkaline phosphatase, an enzyme closely related to
mineralization, and they become hypertrophied (Gartner and Hiatt, 1997).
Subsequently the surrounding cartilage matrix undergoes calcification. The calcified
cartilage matrix inhibits the diffusion of nutrients, causing necrosis of the
hypertrophied chondrocytes. Subsequently, much of the matrix is resorbed and
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neighbouring lacunae become confluent, resulting in large cavities. The cavities are
then vascularized by the invasion of blood vessels from the perichondrium (DeLise et
al, 2000). Osteoprogenitor cells migrate with the blood vessels and differentiate into
osteoblasts when in contact with the remaining calcified cartilage matrix. They start to
secrete osteoid against it, which mineralizes to become bone. Endochondral bone
formation occurs in all long bones, vertebrae, ribs, and in the base of the skull. A
unique situation exists in the mandible where a combination of both processes
appears. The mandibular body is formed by intramembranous ossification, while the
separate blastema of cartilage merges to the mandibular body to form the future ramus
by endochondral ossification (Kantomaa, 1984).
2.3.2 The growth of long bones
An invasion of blood vessels into the epiphyses of long bones creates a secondary
ossification center shortly after birth in humans (Ross et al, 1995). This secondary
center of bone growth develops identical to the primary centre in the diaphysis, and
leaves a plate of growing cartilage between the diaphysis and the epiphyses of the
bone. Cartilage of these growth plates is responsible for the continuing growth of long
bones. The growth plate shows a distinct cellular organization as the chondrocytes are
arranged into vertical columns (Hunziker, 1994). Each column shows the different
stages through which a chondrocyte passes during its life cycle. The proliferation of
chondrocytes, the enlargement of hypertrophied chondrocytes, and the production of
matrix are the major factors that contribute to longitudinal growth (Stevens and
Williams, 1999). Longitudinal growth is arrested when cartilage proliferation within the
growth plate terminates (Ross et al, 1995). The chondrocytes finally hypertrophy and
die, and the growth plate disappears, being totally replaced by bone. Shortly thereafter,
the epiphyseal and diaphyseal marrow cavities become confluent.
2.3.3 Articulation
Articular cartilage is a pressure-tolerant tissue located in specific skeletal areas where
motion and direct pressure occur (Riesle et al, 1998). Articular surfaces usually have no
perichondrium with blood vessels but a synovial membrane is present around the
joint. Articular cartilage is nourished by diffusion of nutrients through the synovial
membrane. This increases the capacity of articular cartilage to resist pressure because
perichondrial blood vessels would be closed off by compression (Enlow, 1996a). Due
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to the presence of synovial secretions, the surface of the articular cartilage allows
relatively frictionless movements while bearing great weight.
The function of articular cartilage varies with age. The femoral condyle, for
example, functions uniquely as articular cartilage at maturity, whereas during the
immature postnatal phase it serves both as articular cartilage and as a superficial
growth plate for the shaping and growth of the whole epiphysis (Visco et al, 1991). In
the adult state, when pure articular function is required, the tissue is much more
adapted to shearing and compressive forces than during the immature postnatal phase
(Mow and Rosenwasser, 1988). This is due to the emergence of a highly organized
structural unit of collagen fibrils. Immature articular cartilage shows an almost random
distribution of cells and collagen fibrils while at maturity, the articular cartilage is
structured into defined compartments depending on the architecture of the collagen
network (Hunziker, 1992). Mature articular cartilage fulfills several functions; it serves
to transmit load between skeletal elements, it can act as a shock absorber, and it
provides a practically friction-free gliding surface.
2.4 Primary and secondary cartilages
Cartilage has been classified as primary or secondary (Beresford, 1981). A difficulty in
defining these concepts is that, to some authors, secondary cartilage only is the
cartilage forming on bones of membranous origin. Others designate it as any cartilage
that is not primary. Another difficulty is that various other terms like accessory or
embryonic cartilage have been used. The concepts of primary and secondary cartilages
will be reviewed next.
2.4.1 Definition of primary and secondary cartilages
The concept of secondary cartilage emerged probably at the same time as a similar
terminology for bones. According to Kölliker in 1859, the bones preformed by the
cartilaginous skeleton were called primary bones while membranous bones were called
secondary bones (Beresford, 1981). The term accessory cartilage was introduced by
Stieda in 1875 and was used for the cartilages attached to membranous bones until the
1930s (Vinkka et al, 1982). From then, it was defined as follows: ?secondary cartilages
are not derived from the primary cartilaginous skeleton, and appear later in
development in association with membranous bones? (Schaffer, 1930; DeBeer, 1937).
Schaffer extended the concept of secondary cartilage to include the cartilage preceding
the sesamoid bones, the cartilage of the heart, the diaphragm, the eyelid cartilage, the
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bronchial cartilages, the penile cartilage, and the elastic cartilages. To Murray,
secondary (adventitious) cartilages included cartilages associated with the avian
membranous bones, with the skull bones of many mammals, those associated with
pathological processes such as fracture repair, and those induced experimentally
(Murray, 1963). Durkin suggested the term ?embryonic-like? for condylar and other
secondary cartilages, since they resembled early cartilaginous «Anlages» in cellular
organization, matrix formation, and calcification pattern (Durkin, 1972). Beresford
modified Schaffer’s classification and listed four basic categories of secondary
cartilages: (1) cartilage formed by periosteum or endosteum on membranous and
endochondral bones, or in cultures and grafts; (2) cartilage formed ectopically in soft
connective tissues; (3) extraskeletal cartilage and (4) elastic cartilage (Beresford, 1981).
All these different definitions have resulted in some confusion and, currently, a strict
classification of each structure is not easy due to some borderline tissues. However,
there is a general consensus in defining secondary cartilage, according to Schaffer and
deBeer, as a chondral tissue that develops unattached to the chondroskeleton in close
association with membranous bones. In this review that definition will be used.
2.4.2 Structural differences between primary and secondary cartilages
The cartilage of the mandibular condyle and the maxillary suture are considered as
secondary cartilages while the epiphyseal growth plates and the synchondroses are
primary cartilages. Primary and secondary cartilages have a very different histological
structure. In primary cartilage, cell proliferation occurs in the zone of differentiated
chondrocytes whereas in secondary cartilage it mainly occurs in the layers of
undifferentiated prechondroblasts and chondroblasts (Visnapuu et al, 2000).
Therefore, both cartilages exhibit different patterns of growth (Silbermann et al, 1987).
Growth is appositional in secondary cartilage while it is mainly interstitial in primary
cartilage. Further, primary and secondary cartilages differ in the distribution of the
collagens type I and II. Type I collagen is present in the extracellular matrix of the
secondary cartilage, while it is completely absent from all primary cartilages (Isshi et al,
1998). Moreover, type II collagen is present only in the extracellular matrix of the
zones of maturation and hypertrophy of secondary cartilages, whereas in primary
cartilage it is found throughout the extracellular matrix until the cartilage is replaced by
bone (Mitzoguchi et al, 1990, 1996).
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2.5 Craniofacial cartilages
Intramembranous bone formation has been described as the major mechanism of
formation of facial and calvarial bones (De Lise, 2000). The bones of the cranial vault,
the maxilla, and the mandible are intramembranous bones. These bones are also
associated with secondary  cartilages at some point in time during their normal
development (Ghafari et al, 1992). Primary cartilages in the craniofacial skeleton are
derived from the chondrocranium (Rönning, 1995). The primary cartilages of the skull
include Meckel’s cartilage, the nasal septal cartilage, and the synchondroses of the
basicranium. The synchondroses are comparable to the epiphyseal plates with regard
to their function in growth (Rönning and Kylämarkula, 1982). Secondary cartilages
have been described to occur in the sutural areas of the maxilla, the mandibular
symphysis, the angular, and the coronoid process (Ghafari et al, 1992). Most of the
secondary cartilages are transitory such as those within the maxillary suture but others
persist such as the cartilage of the mandibular condyle (Vinkka, 1982).
The mandibular condyle
The cartilage of the mandibular condyle has been identified as a secondary cartilage in
terms of temporal appearance, although it has also been classified separately because
of its growth capacity (Durkin et al, 1979; Dibbets, 1990). In many growth cartilages
like in the growth plate, isogenous cell groups (groups of chondrocytes formed by
interstitial proliferation of one cell) have a special linear arrangement that coincides
with the longitudinal direction of growth of the bone. The mandibular condyle is an
exception because there is no linear arrangement and appositional cell division occurs
(Enlow, 1996b). Mandibular condylar cartilage further differs from most other
articular cartilages in its organization, its responses to biomechanical forces and its
extracellular matrix composition (Takahashi et al, 1995; Mitzoguchi et al, 1996). In
growing animals, cartilage of the mandibular condyle serves not only as an articular
cartilage but also as a growth cartilage, similar to the growth plates of long bones
(Copray et al, 1988). The matrix composition of the mandibular condyle seems to be
adapted to its special functional needs, such as parallel articulation and growth (Roth et
al, 1997).
The mandibular condyle has long been considered as one of the main growth
sites in the facial skeleton. According to the theory of Weinnman and Sicher (1955),
growth of the condyle causes a forward and downward shift of the mandible. Other
authors have viewed it as an adaptive structure that only maintains contact between
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the mandible and the articular fossa (Moss, 1962). Various experimental studies have
supported these seemingly contrasting theories (Koski and Rönning, 1965; Sarnat,
1983). While it appears that condylar growth can be affected by extrinsic factors
(Charlier et al, 1969) and that certain differences exist as compared with the growth
plate of long bones, this does not necessarily rule out an independent growth potential
(Meikle, 1973). The two views have been integrated into a hypothesis that the condyle
expresses its adaptability in terms of directional changes in mandibular growth,
whereas it is active in displacing the condylar process downwards (Kantomaa, 1984).
In conclusion, the characteristic properties of cartilage arise from its specific
composition: aggregates of proteoglycans entrapped within a mesh of collagen fibrils.
In the last decade, an impressive number of new proteins were identified in cartilage
and found to play a role in its differentiation, matrix organization and regulation. The
composition of a certain cartilage is related to its specific functions and varies with
age. Primary and secondary cartilages differ in embryonic development, in pattern of
growth, and in some biochemical features. The secondary cartilage of the mandibular
condyle is a highly specialized tissue and its composition is determined by its functions
in craniofacial growth and articulation.
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3.1 Introduction
Chondrogenesis occurs in the embryo and involves the differentiation of condensed
mesenchymal cells into chondroblasts and chondrocytes. Cartilage grows by the
formation of new chondroblasts and chondrocytes from chondroprogenitor cells, or
by direct chondrocyte proliferation. These processes are referred to as appositional
and interstitial growth, respectively (Enlow, 1992). The synthesis of new matrix and
the enlargement of chondrocytes during hypertrophy also contribute to growth.
Cartilage can be replaced by bone through the process of endochondral bone
formation which starts during skeletal development and also occurs later, during
longitudinal bone growth in the growth plate. This process includes cell proliferation,
cell maturation and chondrocyte hypertrophy. It is followed by matrix mineralization,
chondrocyte death, and vascular invasion allowing bone formation (DeLise et al, 2000).
In the adult, cartilage persists only in a few places like the ends of the long bones,
where it serves as articular cartilage (Hunziker, 1992). In different developmental
stages from the embryo to the adult, the development, growth, and metabolism of
cartilage are under the control of several regulatory mechanisms.
Cartilage growth is partly genetically determined but is also influenced by
epigenetic factors including mechanical factors and numerous systemic and local
mediators. The systemic factors include hormones and vitamins that travel through the
bloodstream to affect target cells throughout the body. Growth factors and cytokines
are local mediators. They are produced locally and are rapidly degraded or inactivated
causing them to act only in the immediate environment of the cells that secrete them
(Alberts et al, 1989). Whatever the type of mediator, systemic or local, the binding of a
signaling molecule to a specific receptor activates a cascade of reactions in the target
cell, the signal transduction pathway. In general, this leads to the activation of nuclear
transcription factors that regulate cell proliferation and the expression of
differentiation products (Shum and Nuckolls, 2002).
In this chapter, we will focus on growth factors and cytokines because they are
crucial for the local regulation of cartilage growth and metabolism. Some families of
other regulatory factors will be briefly discussed first.
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3.1.1 Hormones and vitamins
Hormones are secreted by endocrine cells and are essential for normal development
and cellular activity. Most hormones are water-soluble and bind to cell surface
receptors whereas the steroid and thyroid hormones, being hydrophobic, are able to
pass the plasma membrane and bind to specific intracellular receptors (Cole and
Eastoe, 1988). Hormones involved in body growth (growth hormone, thyroid
hormone, glucocorticoids), sexual maturation (sex steroids) and calcium metabolism
(parathyroid hormone) also regulate the cartilage growth (Stevens and Williams, 1999;
van der Eerden et al., 2003), and may influence maturation in the mandibular condyle
(Ramirez-Yanez et al., 2004). Furthermore, they may regulate the expression of certain
cytokines that are thought to influence chondrocyte functions (Saggese et al, 1993). Sex
steroids are crucial for peri-pubertal growth and for the cessation of linear growth in
adulthood as they induce closure of the growth plate at the end of puberty (Stevens
and Williams, 1999).
Vitamins are also essential substances for growth but, unlike hormones, they are
not produced by the organism itself. Vitamin D3 contributes to the regulation of
chondrocyte differentiation and maturation, and has a major role in endochondral
ossification (Zhou X et al, 1997; Boyan et al, 1999). Its active metabolite, 1,25-
(OH)2D3, is required for mineralization of the cartilage matrix and exerts its effects
through the nuclear vitamin D receptor (VDR) and the membrane VDR, which are
both present in growth plate chondrocytes (Boyan et al, 1999). Cell culture studies
have shown that 1,25-(OH)2D3 increases the activity of alkaline phosphatase and
matrix metalloproteinases, which are essential for mineralization and remodeling.
Vitamin D deficiency inhibits cartilage growth and retards the subsequent bone
formation. Treatment with 1,25-(OH)2D3 restores mineralization and bone formation
(Schwartz et al, 1992). It is shown that retinoids (vitamin A analogs) are also implicated
in chondrogenesis and in the maturation of the growth plate. They are involved in the
regulation of chondrocyte differentiation, maturation and apoptosis (Iwamoto et al,
1994; Standeven et al, 1996; Zhou X et al, 1997). The active form of vitamin A, retinoic
acid, binds to several nuclear retinoic acid receptors and thus regulates gene
expression. In conclusion, hormones and vitamins are important for the systemic
regulation of cartilage growth and development but to a lesser extent for its local
regulation.
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3.1.2 Mechanical forces
Mechanical forces also play an important role in the regulation of chondrocyte
proliferation and differentiation (Wu and Chen, 2000; Elder et al, 2001). Compressive
forces seem to promote chondrogenesis and to favor the expression of aggrecan,
decorin, biglycan and collagen type II and IX in cartilage, which are cartilage specific
components (Takahashi et al, 1998; Visser et al, 1994). However, the mechanisms
allowing cartilage cells to sense tensional and compressive forces, and their response
to these stimuli are not yet well-understood. Growth factors are thought to be
involved in the response of connective tissues to mechanical forces (Klein-Nulend et
al, 1995; Rabie et al., 2002). In comparison with primary cartilages, the secondary
cartilage of the mandibular condyle seems to be more sensitive to functional factors
(Copray et al, 1986). Numerous in vitro and in vivo studies have demonstrated that
variations in compressive loading, or in muscular and articular function, such as in
weaning, affect proliferation and matrix synthesis in this cartilage (Copray et al, 1985;
Salo and Kantomaa 1993; Kantomaa et al, 1992,1994; Pirttiniemi et al, 1996; Nakai et al,
1998; Rabie et al., 2003). The functional activity of the mandibular joint therefore plays
a major role in the growth regulation of the mandibular condyle which may involve
the action of growth factors.
3.1.3 Parathyroid hormone related peptide and Indian hedgehog
Two signaling molecules, parathyroid hormone-related peptide (PTHrP) and Indian
hedgehog (Ihh), have been shown to regulate chondrocyte proliferation and
differentiation in the growth plate (Figure 1) (Vortkamp et al, 1996). PTHrP is a
paracrine factor structurally homologous to parathyroid hormone and binds to the
shared PTH/PTHrP receptor. This receptor is localized on cells in the transition zone
between the proliferative and the hypertrophied zone (Lee et al, 1996; Stevens and
Williams, 1999). PTHrP prevents the differentiation of prehypertrophied to
hypertrophied chondrocytes (de Crombrygghe et al, 2001). The expression of PTHrP
by the perichondrium is dependent on Ihh, a protein from the hedgehog family, that is
secreted by prehypertrophied chondrocytes. Ihh stimulates chondrocyte proliferation
and, through PTHrP, blocks hypertrophy and delays ossification (Vortkamp et al,
1996 ; St-Jacques et al, 1999). The Ihh/PTHrP feedback loop has been proposed for
the control of endochondral ossification during embryonic development and also
during post-natal growth (Vortkamp et al, 1998). In addition, Ihh seem to be a
mediator in the transduction of mechanical signals to stimulate chondrocyte
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proliferation (Wu et al, 2001).  In the mandibular condyle too, Ihh and PTHrP seem to
have a similar role in the regulation of endochondral ossification and Ihh has also
been proposed as a mediator of mechanotransduction (Tang et al, 2004).
Figure 1: The Ihh/PTHrP feedback loop regulates chondrocyte proliferation
 and differentiation in the growth plate
3.1.4 Nuclear transcription factors
The transduction of regulatory signals in mesenchymal cells such as chondrocytes
generally results in changes in gene expression mediated by nuclear transcription
factors (NTF) of different families. Three NTF of the Sox family, and the core
binding factor a1 (cbfa1) play essential roles in chondrocyte differentiation (Shum and
Nuckolls, 2002). They activate the genes encoding for the principal extracellular matrix
proteins of cartilage. Sox9 is required for chondrogenic mesenchymal condensation,
L-Sox5 and Sox6 are required for chondrocyte differentiation, and Cbfa1 for
chondrocyte hypertrophy (de Crombrugghe et al, 2001). Nuclear transcription factors
are thus involved in the intracellular transduction of growth factor signals in cartilage.
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3.1.5 Other factors
In addition to the more well-known regulators of cartilage metabolism described
earlier, a lot of other factors also participate in the control of cartilage growth and
development. Only some of these factors are briefly mentioned here. Several
components of the extracellular matrix (ECM) like collagen type II, fibronectin, and
hyaluronan may regulate chondrocyte function through their binding to integrins or
other ECM receptors (van der Kraan et al, 2002). Moreover, molecules from the ECM
may also regulate chondrocyte behavior by the binding, storage, release and
presentation of soluble mediators. The Wnt protein family, which is a family of signaling
glycoproteins, has been shown to be involved in the regulation of chondrogenesis
(Moon et al, 1997). Reactive oxygen species seem to be involved in cartilage degradation
and also participate in intracellular signaling pathways (Henrotin et al, 2003). The matrix
metallo-proteinases (MMPs) are a family of endopeptidases that are central to joint
destruction in arthritis. Many forms of MMPs are expressed in cartilage and they
degrade a range of extracellular matrix components including fibrillar collagens, type
IV collagen, fibronectin, laminin, elastin, and proteoglycans (Vu et al, 1998). It has
been suggested that the balance of MMPs and their tissue inhibitors (TIMPs) in
hypertrophied cartilage is a major factor in angiogenesis and subsequent bone
formation. In the last decades, much more information on cartilage physiology has
become available indicating a main role of growth factors in the regulation of cartilage
growth and development.
3.2 Growth factors and cytokines
Growth factors and cytokines are polypeptides that regulate the differentiation,
proliferation and metabolism of cells. They are synthesized within specific tissues and
function as local mediators (Hill and Logan, 1992). Also in cartilage, growth factors
are the primary mediators of cell differentiation and growth (van der Eerden et al.,
2003). A growth factor or cytokine may target its cell of origin or other cells, and may
thus have an autocrine or paracrine action (Canalis et al, 1993). The difference between
growth factors and cytokines is not well-defined and, growth factors like the TGFßs
are sometimes also called cytokines. Growth factors and cytokines are both involved
in the regulation of cartilage growth and metabolism and may promote anabolic and
catabolic processes. However, growth factors generally have a more anabolic function
whereas cytokines mainly have a catabolic function (Trippel et al, 1995). Furthermore,
cytokines often act as inflammatory mediators. Growth factors are thought to play a
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crucial role in three aspects of cartilage growth and metabolism. Firstly, in mesoderm
induction and cartilage development in the embryo. Secondly, in epiphyseal growth
plate function in the fetus and child. Thirdly, in the metabolism of mature cartilage
(Hill and Logan, 1992). Three main families of growth factors have been strongly
implicated in chondrogenesis; the fibroblast growth factor (FGF) family, the insulin-
like growth factors (IGF), and peptides from the transforming growth factor-ß (TGF-
ß) superfamily. In general, FGFs, TGF-ßs and IGFs all promote the proliferation of
chondrocytes. In addition, several members of the FGF and TGF-ß families have
profound effects on chondrocyte differentiation. Growth factors may have varying
actions on cartilage depending on the state of cellular differentiation. The specific
functions of several important growth factors in cartilage are discussed below.
3.2.1 The fibroblast growth factor family
The fibroblast growth factors (FGFs) represent a family of at least 22 heparin-binding
proteins, which are widely distributed throughout the body. FGF-1 and FGF-2, the
main forms, both have a molecular mass of 17 kDa and share about 55% amino acid
sequence similarity. The biological functions of FGFs are mediated by their binding to
high-affinity receptors, the FGFRs, a group of four tyrosine kinase receptors that span
the cell membrane. Receptor binding is regulated by co-receptors known as heparan
sulfate proteoglycans (HSPGs) (see review by Ornitz and Marie, 2002). The
syndecans-1, -2, -3 and -4 are trans-membrane cell surface HSPGs that interact with
FGFs and promote their binding and signaling (Filla et al., 1998). The binding of FGF
to the receptor requires the dimerization of two FGF monomers as well as a heparin-
binding step which finally activates a tyrosine kinase.
All FGFs have similar biological activities and are well known for the stimulation
of endothelial cell proliferation and neovascularization, which implicates an important
role in wound healing. FGF-2 appears to be involved in early morphogenetic events
and is a potent modulator of proliferation and differentiation in a wide variety of cell
types (Gospodarowicz et al., 1987). FGFs play major roles during skeletal development
and postnatal osteogenesis. During endochondral bone formation, the formation of
blood vessels allows the arrival of bone-forming osteoblasts. FGF-2 is one of the
angiogenic factors produced by hypertrophied chondrocytes (Alini et al., 1996).
FGFs further play key roles in chondrogenesis and in limb bud development
(Ballock and O’Keefe, 2003). Mutations in the FGF receptor-2 and -3 lead to various
forms of chondrodysplasia and limb shortening like Crouzon syndrome and
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achondroplasia (Ornitz and Marie, 2002). FGFs also participate in the regulation of
cartilage metabolism and growth in the growth plate and in mature articular cartilage.
Cell culture studies have shown that FGF-2 stimulates chondrocyte proliferation and
prevents hypertrophy and calcification (Kato and Iwamoto, 1990; Frenz et al., 1994;
Luan et al., 1996; Wroblewski and Edwall-Arvidsson, 1995). Therefore, it appears that
FGF-2 supports the rapid growth of cartilage during skeletal development while it
delays endochondral bone formation (Kato, 1992). FGF-2 also seems to play an
important regulatory role in the secondary cartilage of the mandibular condyle. In vitro
studies have shown that FGF-2 inhibits chondrocyte differentiation, decreases matrix
synthesis, and regulates cell proliferation in the mandibular condyle (Tajima et al.,
1998; Molteni et al., 1999, Fuentes et al, 2002; Ogawa et al, 2003). In general, FGF-2
stimulates cell proliferation and inhibits terminal differentiation in both primary and
secondary cartilages, while its effect on matrix synthesis depends on the specific
experimental conditions. However, the localization of FGF-2 differs in certain primary
and secondary cartilages, indicating a differential function in their physiology (Tajima
et al, 1998).
3.2.2 The insulin-like growth factors
The insulin-like growth factors (IGFs), or somatomedins, are a family of low
molecular weight peptides with a mass of about 7.5 kDa (Mohan and Baylink, 1991).
IGFs resemble insulin both in their structure and in their effects. The two main types
IGF-I and IGF-II are composed of 70 and 67 amino acids respectively, and have a
sequence homology of approximately 65%. The effects of IGFs are modulated by a
family of at least six different binding proteins, the insulin-like growth factor binding
proteins (IGFBPs) (Shimaski and Ling, 1992). The biological actions of IGFs are
initiated by binding to their respective cell surface receptors, the type I and type II
receptor, although they can also bind to the alternative receptor but with lower
affinity. The number of type I receptors on the cell surface is down-regulated by
increasing concentrations of IGFs (Mohan and Baylink, 1991).
IGFs are synthesized by many cells types and may function both as local and
systemic regulators. The serum level of IGFs depends on its growth hormone (GH)-
stimulated production by the liver (Isaksson et al, 1987). IGF-II plays a regulatory role
in glucose metabolism and also seems to be an important fetal growth factor
(Bhaumick and Bala, 1991). IGF-I is functionally distinct from IGF-II in being more
strongly dependent on GH, and possessing greater growth-promoting activity. IGFs
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are important regulators of cartilage growth and differentiation and participate in the
control of skeletal growth and articular cartilage homeostasis. The local production of
IGF-I by growth plate chondrocytes, in response to GH, is crucial for normal
postnatal growth of the skeleton (Zhou et al, 1997). Impaired function of the IGFs
may induce skeletal deformities and growth disturbances (Trippel, 1992). IGF-I also
stimulates chondrocyte matrix synthesis and mitotic activity in culture (Carrascosa and
Audi, 1993; Jones and Clemmons, 1995; Trippel, 1995). In the mandibular condyle,
IGF-I has also been shown to stimulate cell proliferation and differentiation (Maor et
al, 1993; Li et al., 1998, Fuentes et al, 2002). However, differences in the distribution of
IGF-I receptors and in the site of IGF-I synthesis were observed between the
mandibular condyle and primary cartilages (Visnapuu et al, 2001; Visnapuu et al, 2002).
3.2.3 The transforming growth factor-ß superfamily
The TGF-ß superfamily includes the TGF-ßs, the bone morphogenetic proteins
(BMPs) and the activins and inhibins. The TGF-ßs are a family of 25 kDa dimeric
proteins (Roberts and Sporn, 1993). There are at least five TGF-ßs, but only three of
them, TGF-ß1, -ß2, and -ß3 have been found in all mammals, whereas TGF-ß4 is found
in chickens and TGF-ß5 in amphibians (Roberts and Sporn, 1993). TGF-ß is
synthesized as an inactive proform due to its binding to the latency-associated peptide
(LAP), and can not interact with the TGF-ß receptors in this form. Activation can be
achieved by matrix metalloproteinases, other proteases and glucosidases, or by acidic
conditions (Grimaud et al, 2002). Active TGF-ßs exert their biological effects by
binding to specific cell surface receptors. In most cell types, two high affinity
transmembrane kinase receptors are found, the type I (TGF-ßRI) and the type II
(TGF-ßRII) receptors (Massagué, 1992). The formation of a heterodimer complex of
type I and type II receptors is indispensable for signal transduction. The type I
receptor is phosphorylated by the type II receptor, which is a serine/threonine kinase,
thereby allowing the propagation of the signal to downstream components (Wrana et
al, 1994). TGF-ßs can also bind to several soluble proteins like a2-macroglobulin,
fibronectin, decorin, and to membrane-bound proteins like the HSPGs. These
proteins may act as reservoirs for TGF-ßs and thereby inhibit their action (Miyazono,
1993). The TGF-ß effects on cells are mediated in part by a specific transcription
factor, Smad 3 (Ferguson et al, 2000).
TGF-ßs are produced by many different cell types but the concentration of
TGF-ßs is approximately 100 times higher in bone than in other tissues (Grimaud et al,
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2002). TGF-ßs seem to be essential for normal postnatal growth and development. All
three TGF-ß isoforms and their receptors (TGF-ßRI and RII) are detected at sites of
endochondral ossification in growing human bone (Horner et al, 1998). TGF-ßs and
their receptors are also expressed in young and mature articular cartilage and in the
epiphyseal growth plate (Fukumura et al, 1998). In vivo, TGF-ß1 stimulates
chondrogenesis when injected in the periosteum of rat femora (Joyce et al, 1990).
TGF-ßs therefore seem to participate in the regulation of cartilage physiology in
different developmental stages. Although several studies indicate that TGF-ß1 has a
stimulatory effect on chondrocyte proliferation and matrix production in vitro, others
report an inhibitory action (Crabb et al., 1990; O’Keefe et al., 1994). The effects seem
to depend on the concentration, the culture period, the type of culture, the
differentiation state of the cells, and the presence of serum or other growth factors
(Grimaud et al, 2002). TGF-ß1 is also expressed in the mandibular condyle (Li et al.,
1998) and its addition to cultured condyles can either stimulate or inhibit proliferation
and matrix production (Blumenfeld et al, 1997). Furthermore, TGF-ß1 is a potent
inhibitor of chondrocyte maturation and hypertrophy, and reduces alkaline
phophatase activity (Ballock et al, 1993, Bohme et al, 1995, Ferguson et al, 2000). TGF-
ß1 thus seems to be a key inhibitor of chondrocyte differentiation.
The BMP family consists of at least 16 dimeric proteins with a molecular weight
of about 30 kDa. BMP signaling is modulated by BMP binding proteins and
transduced by activated type I receptors (BMPRs). BMPs regulate key steps in the
cascade of bone morphogenesis, are involved in limb formation, and are also essential
in the early stages of embryonic development and organogenesis of soft tissues
(Haaijman et al., 2000). Several BMP family members, BMP-2,-4 and -7, are expressed
in distinct patterns during limb development. BMPs also regulate the progression of
chondrocyte differentiation in the growth plate (Zou et al, 1997). BMP-4 and -7 were
found to promote chondrocyte differentiation (Reddi, 1995). BMP-6 has also been
detected in pre-hypertrophied and hypertrophied chondrocytes (Hogan, 1996). It was
further shown that joint formation requires both BMPs and their antagonist called
noggin. This BMP-binding factor leads to excessive chondrogenesis and abnormal
joint development (Brunet et al, 1998). In conclusion, the TGF-ßs and the BMPs
appear to be essential regulators of cartilage growth and development. Relatively few
data are available on the role of activins and inhibins in the regulation of cartilage
physiology.
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3.2.4 Other growth factors
Several other growth factors also seem to be involved in cartilage physiology and will
be briefly discussed here.
The platelet-derived growth factors (PDGFs) are dimeric polypeptides with a molecular
mass of 30 kDa. PDGFs bind to type a and ß transmembrane surface receptors and
are potent mitogens for connective tissue cells. PDGFs further play an important role
in wound healing and in fracture healing (Westermark and Heldin, 1993). In vitro, all
three isoforms of PDGF have been found to stimulate chondrocyte differentiation in
the growth plate. Moreover, PDGFs also seem to play a role in the growth regulation
of the mandibular condyle (Visnapuu et al, 2002).
The vascular endothelial growth factor (VEGF) is a 44-kDA protein that targets
vascular endothelial cells and stimulates their proliferation and migration, and
ultimately the formation of blood vessels (Gerber and Ferrara, 2000). VEGF is
expressed by hypertrophied chondrocytes in the growth plate, and appears to be
responsible for vascular ingrowth, which allows cartilage remodeling (Gerber et al.,
1999).
Recently, the connective tissue growth factor/hypertrophic chondrocyte-specific gene product 24
(CTGF/Hcs24) was described as a multifunctional growth factor for chondrocytes,
osteoblasts, and vascular endothelial cells (Takigawa et al, 2003). In culture,
CTGF/Hcs24 is expressed mainly by hypertrophied chondrocytes and stimulates the
proliferation, maturation, and hypertrophy of growth plate chondrocytes.
CTGF/Hcs24 is also reported to stimulate the proliferation and differentiation of
osteoblasts, and to induce angiogenesis. This growth factor therefore seems to
promote the process of endochondral ossification.
3.2.5 The cytokines
The main families of cytokines are the interleukins (ILs), the tumor necrosis factors
(TNFs), the interferons, and the colony stimulating factors (CSFs). These small
proteins affect the behavior of a wide range of cell types and regulate inflammatory
and immune responses. As for growth factors, the final effect of a cytokine depends
on the balance between its concentration, the concentration of its specific inhibitor
and the presence of its receptor on the target cells (Dayer and Burger, 1994). The most
relevant cytokines for cartilage metabolism are produced by chondrocytes themselves
(Moos et al, 1998). Interleukin 1 (IL-1) and tumor necrosis factor a (TNFa) activate
catabolic pathways in cartilage, whereas IL-4, IL-10, and IL-13 inhibit the production
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of IL-1 and TNFa and can also upregulate inhibitors of these destructive cytokines
(van den Berg, 1999). IL-1 reduces matrix production, diminishes chondrocyte
proliferation, and stimulates the chondrocytes to release proteases responsible for
cartilage degradation such as matrix metalloproteinases (MMPs) (Cawston et al, 2003).
These enzymes degrade the collagen fibrils and dissociate the aggrecan-hyaluronate
complex. Catabolic cytokines such as IL-1 and TNFa are thought to be responsible
for the mediation of cartilage damage in joint diseases as their production in affected
cartilage is higher than in healthy cartilage (Moos et al, 1999). However, cartilage
pathology may also occur when insufficient anabolic stimulation by growth factors is
present which leads to an imbalance between mediators (van den Berg, 1999).
3.3 Interactions between regulatory factors
Synergistic interactions between growth factors have been shown repeatedly in
chondrocyte cultures. IGF-I enhances the stimulatory effects of other growth factors
on cartilage in vitro (O’Keefe et al., 1994; Rosselot et al., 1994). FGF-2 and TGF-ß1 act
in synergy to induce chondrogenesis during otic capsule formation, to stimulate the
proliferation of growth plate chondrocytes and to arrest terminal differentiation of
chondrocytes from embryonic sternum (Frenz et al., 1994; Rosselot et al., 1994; Bohme
et al., 1995). In the last study, the synergism of FGF-2 and TGF-ß1 suppresses the
stimulation of chondrocyte maturation by IGF-I. Synergistic and antagonistic
interactions between cytokines and growth factors seem to regulate the collagen and
proteoglycan turnover in cartilage. The mechanisms of interaction between these local
mediators are not well-known but may involve the expression levels of cell surface
receptors or the modulation of certain steps in the intra-cellular signaling pathways.
Interactions between growth factors and extracellular matrix (ECM) components
can also occur (Shum and Nuckolls, 2002). The ECM proteoglycans decorin, biglycan
and fibromodulin regulate TGF-ß activity by its storage within the ECM (Hildebrand
et al, 1994). Growth factor binding proteins (BPs) such as latent TGF-ß binding
protein (LTBP), the IGFBPs, and the BMPBPs, also regulate the activity of their
respective ligands. The HSPGs can interact with growth factors such as FGFs to
promote the binding with their receptors and thereby potentiate their effects (Filla et
al., 1998). Pleiotrophin (PTN)/HB-GAM, a heparin-binding protein abundantly
present in fetal cartilage, is suggested to be an antagonist of FGF-2 since it reverses
the increased DNA synthesis induced by FGF-2 (Neame et al. 1999). PTN seems
associated with the cell surface of chondrocytes and may block heparan sulfate
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binding sites for FGF-2. In conclusion, the effects of growth factors may be
stimulated or inhibited by numerous interactions with proteins like the small
proteoglycans and growth factor binding proteins.
Regulatory interactions between the described factors occur during all
developmental stages of chondrocyte maturation and at different levels of the signal
transduction pathway. The regulation of proliferation in the growth plate is briefly
summarized hereafter as an example of the complex interactions between regulatory
factors. In the growth plate, the proliferation of chondrocytes is under the control of
the local Ihh/PTHrP feedback loop (see section 3.1.3) which also involves growth
factors and hormones. Prehypertrophic chondrocytes secrete Ihh, which increases the
local production of PTHrP and TGF-ß1 (Vortkamp, 1996). PTHrP subsequently
delays the hypertrophic differentiation of chondrocytes. TGF-ß1 also increases PTHrP
synthesis and acts directly on chondrocytes to stimulate proliferation and inhibit
hypertrophy (Ballock et al, 1993; Serra et al, 1999). The increase in PTHrP synthesis
reduces the production of Ihh by prehypertrophied chondrocytes which closes the
feedback loop. In addition, FGFs also downregulate Ihh expression in chondrocytes
(de Crombrugghe et al, 2001). IGF-I, produced in response to growth hormone, is also
involved in the regulatory process as it stimulates the proliferation of chondrocytes
and may enhance the stimulatory effect of TGF-ß1 (O’Keefe et al, 1994). The
regulation of proliferation at the growth plate therefore occurs through the complex
interaction of several signaling molecules; growth factors, hormones and the
Ihh/PTHrP feedback loop (Ballock and 0’Keefe, 2003). This shows the complexity of
the regulatory mechanisms governing cartilage physiology which are far from being
completely understood. In the mandibular condyle also, the regulation of cellular
proliferation involves complex interactions between various growth factors and other
regulatory factors (Rabie and Hägg, 2002).
3.4 Conclusion
Next to mechanical forces and systemic mediators such as hormones, growth factors
like FGF-2, IGF-I, and TGF-ß1 are key regulators of cartilage growth and
development. Moreover, since the effects of mechanical and systemic factors may in
part be mediated by growth factors, they appear to play a central role in the regulation
process. The effects of these growth factors are mainly anabolic but they also depend
on the developmental stage of the tissue and on the state of cellular differentiation.
Numerous interactions between growth factors and other regulatory factors occur at
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different levels in their signaling pathways. There are strong indications that the
response to certain growth factors may differ in primary and secondary cartilages. In
comparison with the abundant literature on the effects of growth factors on primary
cartilage, relatively few studies exist on their effects on secondary cartilage such as that
of the mandibular condyle. Next to mechanical factors, growth factors seem to play a
crucial role in the physiology of secondary cartilages.
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Abstract
Primary and secondary cartilages differ in embryonic origin and in histological
organization, and are generally considered to have a different mode of growth.
However, few studies have directly compared the two types of cartilage of the same
animal at the same age. Therefore, we analyzed several histological and biochemical
differences between secondary cartilage of the mandibular condyle and primary
cartilage of the femoral head of 4-day-old rats. We evaluated the tissue organization,
the level of DNA and glycosaminoglycan (GAG) synthesis, and the GAG and
collagen content. The expression of collagen types I, II and III and of receptors for
IGF-I, FGF and TGF-ß were investigated by immunohistochemistry. The ex vivo
DNA and GAG synthesis as well as the GAG content of femoral heads were much
higher than that of mandibular condyles. Mandibular condyles expressed both collagen
types I and II, while femoral heads expressed only type II collagen. In the mandibular
condyles, receptors for IGF-I, FGF and TGF-ß were observed mainly in the
superficial layers, while they were found throughout the entire femoral head. In
conclusion, major differences were found between both types of cartilage, which
might be related to their specific functional demands.
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Introduction
The mandibular condyle is a major growth site and plays a significant role during
mandibular development. Cartilage of the mandibular condyle provides regional
adaptive growth, endochondral bone growth and a movable articulation (Enlow,
1996). This type of cartilage, often referred to as secondary, is thought to differ from
the major type of cartilage, usually described as primary (Vinkka, 1982). Primary
cartilages are considered to be part of the primary cartilaginous skeleton, which acts as
a scaffold for the ossification process. In the craniofacial region, the basicranial
synchondroses and the cartilages in the nasal and otic capsules represent primary
cartilages (Rönning, 1995). Secondary cartilages appear later in the embryonic
development and are independent of the chondroskeleton (Beresford, 1981). They
appear at the margins of membranous bones during prenatal and early postnatal
development, and are generally transient in nature (Vinkka, 1982). In contrast, the
secondary cartilage of the mandibular condyle develops into permanent articular
cartilage.
The two types of cartilage show differences in histological organization and in
the pattern of cell proliferation. In primary cartilage, interstitial cell proliferation
occurs in chondrocytes, while in secondary cartilage undifferentiated prechondroblasts
show appositional proliferation (Copray and Duterloo, 1986). However, it was recently
shown that a portion of the proliferative cells in the mandibular condyle of young rats
are chondroblasts (Visnapuu et al, 2000).  Further, secondary cartilages contain not
only type II collagen, which is characteristic for all cartilages, but also type I collagen
which is absent from all primary cartilages (Mizoguchi et al, 1992).
The regulation of growth of primary and secondary cartilages by growth factors
may also be different. Growth factors like IGF-I, TGF-ß1 and FGF-2 are all expressed
within the epiphyseal growth plate, where they regulate chondrocyte proliferation,
matrix synthesis, and terminal differentiation (Hill and Logan, 1992). More recently,
growth of the mandibular condyles was also reported to be regulated by these growth
factors (Maor et al, 1993; Livne et al, 1997; Molteni et al, 1999). Furthermore, primary
and secondary cartilages were recently shown to differ in the synthesis of some growth
factors (Visnapuu et al, 2002; Tajima et al, 1998), and in the expression of their
receptors (Vinapuu et al, 2001).
In summary, many reports describe the properties of primary or secondary
cartilages from all kinds of animals at different ages under varying experimental
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conditions. However, none of them has directly compared several characteristics of
the mandibular condyle and the femoral head of the same animal at the same age. The
aim of our study, therefore, was to analyze several histological and biochemical
differences between secondary cartilage from the mandibular condyle and primary
cartilage from the femoral head of 4-day-old rats. We investigated the following
parameters; the localization and rate of DNA and glycosaminoglycan (GAG)
synthesis, the GAG and collagen content, as well as the distribution of collagen types
I, II and III. Furthermore, the expression of receptors for IGF-I, FGF and TGF-ß
was investigated.
Material and methods
Explants
Eighteen 4-day-old Wistar rats (Harlan, Zeist, The Netherlands) were decapitated and
the cartilage explants (36 mandibular condyles and 36 proximal femoral heads) were
dissected under stereomicroscopic observation. The adhering soft tissue and muscles
were removed. The experiments were approved by the Board for Animal Experiments
of the University Medical Center Nijmegen. During dissection, the tissue was bathed
in IMDM medium (Life Technologies, Breda, the Netherlands) supplemented with
100 U/ml penicillin and 100 µg/ml streptomycin (Life Technologies). The mandibular
condyles and the femoral heads were cut to a length of approximately 1.5 mm.
Mandibular condyles contained the cartilaginous tissue of the organ and a small
amount of calcified cartilage. Femoral heads contained the cartilaginous tissue of the
proximal head and a small part of the epiphyseal growth plate.
In total, 40 explants (mandibular condyles plus femoral heads) were processed
for histology, autoradiography and biochemical analyses, and 32 explants were used
for enzyme histochemistry and immunohistochemistry. Half of the latter group was
embedded in paraffin for the immunohistochemistry of collagen types I and III, and
of receptors for IGF-I, FGFs and TGFßs. The other half was used to make frozen
sections to examine the expression of collagen type II and alkaline phosphatase.
Ex vivo labeling
Mandibular condyles and femoral heads were placed in a 24-well culture plate (Nunc,
Roshilde, Denmark) in 0.5 ml incubation medium per well. The incubation medium
consisted of IMDM supplemented with penicillin (100 U/ml) and streptomycin (100
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? g/ml), ascorbic acid (150 ? g/ml, Sigma, St Louis, MO, USA), ß-glycerophosphate (5
mM, Sigma) and 0.1% bovine serum albumin (BSA, Sigma). To analyze the GAG
synthesis of both cartilages, 10 mandibular condyles and 10 femoral heads were
labeled with 10 ? Ci [35S]sulfate (Amersham, Little Chalfont, UK) for 17 h at 37°C in a
humidified incubator in an atmosphere of 5?  CO? in air. Two other groups were
labeled with 5 ? Ci [methyl-3H]thymidine (Amersham) to analyze DNA synthesis.
Seven explants of each group were harvested for biochemical analyses (GAG content,
hydroxyproline (Hyp) content and either GAG or DNA synthesis) and their wet
weight was determined. Three explants of each group were processed for histology
and autoradiography.
Histology and autoradiography
Explants were fixed in 4?  neutral formaldehyde solution, dehydrated and
subsequently embedded in paraffin. Serial sections of 7 µm were cut in the sagittal al
plane of the mandibular condyles and along the long axis of the femoral heads. Central
sections were stained with hematoxylin and eosin, and the von Kossa method to
detect calcification sites. To visualize cell proliferation and GAG production, sections
of explants labeled with [methyl-3H]thymidine or with [35S]sulfate were processed for
autoradiography. In short, sections were coated with Ilford Nuclear Emulsion K5
(Ilford Scientific Product, Mobberley, England), stored at 4°C, developed, and stained
with hematoxylin and eosin.
Immunohistochemistry
Paraffin sections were collected on superfrost plus slides (Menzel-Gläser,
Brauwschweig, Germany), deparaffinated and rehydrated. Before staining, the slides
were rinsed in phosphate-buffered saline (PBS) for 10 min.
Collagen type I staining. Sections were subsequently pre-treated with 1 mg/ml
hyaluronidase and 1 mg/ml trypsine in PBS for 5 min at 37°C. After washing in PBS,
they were treated with 3% H2O2 in PBS for 10 min to block endogenous peroxidase
activity and rinsed in PBS. The sections were subsequently pre-incubated with 5%
BSA in PBS. After pre-treatment, the sections were incubated with goat anti-type I
collagen (Harlan Sera-Lab, Belton, UK) 1:80 for 90 min. After washing with PBS, the
sections were incubated with rabbit anti-goat peroxidase (DAKO, Glostrup,
Denmark) 1:50 for 45 min. Peroxidase activity was visualized by incubation with
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Sigma Fast (Sigma). The staining was enhanced with 0.5% CuSO4 in a 0.9% NaCl
solution for 5 min. The sections were counterstained with hematoxylin.
Collagen type III staining. The pre-treatment of the sections was similar as for
collagen type I. After pre-treatment, the sections were incubated with rabbit anti-type
III collagen (Chemicon, Temecula, CA, USA) 1:5000 for 45 min. After washing with
PBS, the sections were incubated with biotinylated goat anti-rabbit (Chemicon) 1:400
for 45 min. After washing with PBS, the sections were treated with ABC-peroxidase
(Vector Lab, Burlingame, CA, USA). Peroxidase activity was visualized as for collagen
type I.
Growth factor receptors. Sections were pre-treated as described for collagen type I.
After pre-treatment, sections were incubated either with rabbit anti-IGF-I receptor
(IGF-IRß (H-60), anti-ß subunit, Santa Cruz Biotechnology, Santa Cruz, CA, USA), or
with rabbit anti-FGF receptor 2 (Bek (C-17), Santa Cruz Biotechnology) or with rabbit
anti-TGFß receptor II (TGFß RII (L-21), Santa Cruz Biotechnology) overnight at a
dilution of 1:100, 1:200 and 1:100, respectively. Afterwards, sections were incubated
with biotinylated goat anti-rabbit (Chemicon) 1:400 for 45 min, and were finally
incubated with ABC-peroxidase. The visualization was the same as that described for
collagen type I.
Collagen type II staining. This staining was performed on frozen sections. Explants
were decalcified in EDTA for 2d at 4°C, snap-frozen in liquid nitrogen, and stored at -
80°C. Serial sections of 7 µm were cut. The pre-treatment of the sections was the same
as for collagen type I, only the trypsin treatment was omitted. Next, sections were
incubated with mouse anti-type II collagen (DSHB, Department of Biological
Sciences, University of Iowa, Iowa City, IA, USA) 1:200 for 1 h at room temperature.
After washing, the sections were incubated with biotinylated donkey anti-mouse
(Jackson Labs, West Grove, PA, USA) 1:500, and then incubated with ABC-
peroxidase. Peroxidase activity was visualized as for collagen type I. All collagen
antibodies had a cross-reactivity against the other collagen types of less than 10%. For
the receptor antibodies no cross-reactivity was observed. The negative controls, in
which the first antibodies were omitted, showed no background staining.
Alkaline phosphatase staining. Frozen sections were incubated with Napthol AS-TR
phosphate (Sigma) as a substrate in the presence of the chromogen Fast Bleu B (Gurr,
BDH Chemicals, Poole, England) for 30 min at 37°C. After washing in PBS, the
sections were counterstained with hematoxylin. Alkaline phosphatase activity was
indicated by a violet-colored precipitate.
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Biochemical analyses
Explants were washed three times with phosphate-buffered-saline (PBS) and digested
overnight in 550 ? l 1 mg/ml papain (Merck, Darmstadt, Germany) in 0.2 M NaCl, 0.1
M NaAc, 0.01 M L-cysteine HCl and 0.05 M EDTA, pH 6, at 60°C. Aliquots of the
digests were analyzed for total sulfate GAG with a spectrophotometric assay using
dimethylmethylene blue (Fardale et al, 1986). The hydroxyproline (Hyp) content, a
measure for the amount of collagen, was determined after alkaline hydrolysis (Huszar
et al, 1980). For both assays, all samples were analyzed in one batch and were well
within the range of the standard curves. The intra-assay coefficients of variation were
below 5%. The Hyp and GAG contents were expressed per mg wet weight. To
analyze GAG and DNA synthesis, samples from the digests and the label media were
diluted in Aqua Luma (Lumac-LSC, Groningen, The Netherlands) and counted in a
liquid scintillation counter (LKB-Wallac, Turku, Finland). The rate of incorporation
was expressed as cpm per mg wet weight in 17 h.
Statistics
The data were expressed as means ± standard deviation (SD). Differences in the
biochemical parameters were evaluated by t-tests. A P-value (P) of less than 0.05 was
considered to be significant.
Results
Histology, autoradiography and enzyme histochemistry
The mandibular condyles of 4-day-old rats showed a fibrous layer, a layer of
chondroprogenitor cells, and a layer of chondrocytes in the upper half of the condyle,
while the lower half consisted of hypertrophied chondrocytes (Figure 1A). The
femoral heads consisted mainly of differentiated chondrocytes covered by a thin
fibrous layer (Figure 1B). Small groups of dividing cells and some hypertrophied
chondrocytes were observed in the neck of the femoral heads.
Autoradiography of mandibular condyles showed that DNA synthesis took place
only in the non-differentiated superficial layers (Figure 1C). In contrast, in femoral
heads cell proliferation was observed in all of the non-hypertrophied cartilage (Figure
1D). Autoradiography of [35S]sulfate labeled explants showed a very diffuse signal only
in the differentiated cartilage of both organs (not shown).
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Figure 1. Central sections of mandibular condyles (A,C) and femoral heads (B,D) of 4-day-old rats ex
vivo (bar is 260 µm). Hematoxylin and eosin (HE) staining shows the zones of the mandibular
condyle (A) a: fibrous layer  b: chondroprogenitor layer c: differentiated chondrocytes  d:
hypertrophied chondrocytes. HE stained section of a femoral head shows mainly differentiated
chondrocytes (B) a: differentiated chondrocytes b: groups of dividing cells c: hypertrophied layer.
[3H]thymidine incorporation takes place only in the non-differentiated layers of the mandibular
condyle (C) and in the entire femoral head, except in the hypertrophied chondrocytes (D).
Figure 2. Sections of mandibular condyles
(A,C) and femoral heads (B,D) of 4-day-old
rats ex vivo (bar is 260 µm). Staining for
alkaline phosphatase is apparent in the
hypertrophied chondrocytes and in the
perichondrium of the mandibular condyle
(A), and in the neck of the femoral head (B).
The von Kossa staining demonstrates
calcification sites in the extracellular matrix
of the mandibular condyle (C), but not in the
femoral head (D).
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Frozen sections of the mandibular condyles showed staining for alkaline phosphatase
in hypertrophied chondrocytes and in the perichondrium near the hypertrophied zone
(Figure 2A). A weaker staining extended into the outer margins of the mature
chondrocyte layer. In the femoral heads, staining was very weak and was restricted to
the hypertrophied chondrocytes and at the outer margins of this zone (Figure 2B).
In sections of the mandibular condyles, the von Kossa staining demonstrated
calcification sites in the extracellular matrix (ECM) of hypertrophied chondrocytes
(Figure 2C). No staining was observed in the femoral heads (Figure 2D).
Immunohistochemistry
Collagen type I. In the mandibular condyles, collagen type I was observed in the
extracellular matrix of all layers (Figure 3A). Staining was most prominent in the
fibrous layer, the chondroprogenitor layer, and the chondrocyte layer, whereas it was
much weaker in the hypertrophied layer. In the femoral heads, clear staining was
observed in the matrix of the fibrous layer and in the ligament attachments on the
surface (Figure 3B). No staining was found in the deeper layers of the femoral heads.
Collagen type II. There was no staining in the superficial layers of the mandibular
condyles (Figure 3C). Collagen type II staining was apparent in the ECM of the
differentiated layers. In contrast, an intense staining was observed throughout the
ECM of the entire femoral head (Figure 3D). The ligament attachments did not show
any collagen type II staining.
Collagen type III. A weak staining was found in the most superficial layers of the
mandibular condyles (Figure 3E). In the femoral heads, only the ligament attachments
and the fibrous layer were weakly stained (Figure 3F).
IGF-IRß receptor. Staining was prominent in cells of the fibrous and
chondroprogenitor zones of the mandibular condyles (Figure 4A). A less intense
staining was found in the other layers, decreasing down to the hypertrophied layer. All
cells of the femoral heads showed staining for the IGF-I receptor except the
hypertrophied chondrocytes (Figure 4B).
TGF-ßRII receptor. Staining for the TGF-ß receptor in the mandibular condyles
was found in the fibrous layer, the chondroprogenitor layer and in the chondrocyte
layer, while the hypertrophied chondrocytes were only weakly stained (Figure 4C). In
the femoral heads, all cells were equally well stained except the hypertrophied
chondrocytes (Figure 4D).
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Figure 3. Immunohistochemical staining for collagen type I (A,B), type II (C,D) and type III
(E,F) in the mandibular condyles (A,C,E) and femoral heads (B,D,F) of 4-d-old rats ex vivo
(bar is 260 µm). In the mandibular condyle, clear staining for collagen type I is observed in
the ECM of all layers (A) while in the femoral head no staining is found in the deeper layers
(B). Staining for collagen type II is present in the differentiated layers of the mandibular
condyle (C) and in the entire femoral head (D). Staining for collagen type III is very weak
(E,F).
Figure 4. Immunohistochemical staining for receptors for IGF-I (A,B), TGF-ß (C,D) and
FGF (E,F) in the mandibular condyles (A,C,E) and femoral heads (B,D,F) of 4-day-old rats ex
vivo (bar is 260 µm). In the mandibular condyles, clear staining for the three receptors types is
observed in cells of the fibrous and chondroprogenitor zones and decreases in the deeper
layers (A,C,E). In the femoral heads, all chondrocytes are stained for IGF-IRß, TGF-ßRII
and FGFR2 except hypertrophied chondrocytes (B,D,F). The staining intensity for FGFR2
receptors is strongest in the neck of the femoral head (F).
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FGFR2 receptor. Cells in all layers of the mandibular condyles showed clear
staining for the FGF receptor with a higher intensity in the fibrous and
chondroprogenitor zone (Figure 4E). In the femoral heads, staining for the FGF
receptor was observed throughout the organ except in the hypertrophied zone (Figure
4F). The intensity of the staining was increased in columns of cells in the neck of the
femoral heads.
Biochemical analyses
The ex vivo GAG and DNA synthesis rates of the mandibular condyles and the
femoral heads from 4-day-old rats were analyzed. The synthesis rates were expressed
as incorporation of label per mg wet weight in 17 h (Table 1). The incorporation of
both [35S]sulfate (GAG-synthesis) and [3H]thymidine (DNA synthesis) in the femoral
heads was about twice that in the mandibular condyles.
The ex vivo GAG and Hyp contents were expressed as µg per mg wet weight
(Table 1). The GAG content was about three times higher in the femoral heads than
in the mandibular condyles. The Hyp content was only a little higher in the femoral
heads.
Table 1.
Biochemical analyses of mandibular condyles and femoral heads of 4-day-old rats ex vivo.
GAG synthesis DNA synthesis GAG content Hyp content
mand. condyles   6.0 ± 0.8 17.7 ± 2.4  6.4 ± 0.6 2.2 ± 0.3
femoral heads  10.5 ± 1.0* 30.2 ± 2.4* 20.6 ± 1.9* 2.6 ± 0.1*
Glycosaminoglycan (GAG° and DNA synthesis are expressed as cpm (×104) per mg wet
weight; mean values ± SD of 7 explants are given. The GAG and hydroxyproline contents
are expressed as chondroitin sulfate and hydroxyproline (Hyp) in µg per mg wet weight; mean
values ± SD of 14 explants are given.
* = P < 0.001, significant difference between mandibular condyles and femoral heads
(Student’s t-tests).
Discussion
We have compared several (immuno)histochemical and biochemical characteristics of
the mandibular condyle and the femoral head from 4-day-old rats, which are
secondary and primary cartilages, respectively. The mandibular condyle contained
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several distinct layers, which was also shown earlier (Copray and Duterloo, 1986;
Luder et al, 1988). Instead, the femoral head was a more homogenous tissue. About
half of the mandibular condyle consisted of hypertrophied cartilage, which was partly
mineralized. The perichondrium in this region showed some alkaline phosphatase
activity as was also shown by others (Copray et al, 1985; Silbermann et al, 1987). In the
femoral heads, mineralization was practically absent and is probably restricted to the
epiphyseal growth plate at this age.
The distribution of collagen types I and II was completely different in the
mandibular condyles and the femoral heads. The femoral heads only expressed
collagen type I in the fibrous layer, while type II collagen was shown throughout the
cartilage. In general, mesenchymal cells synthesize only type I collagen, but when they
differentiate into chondrocytes, they start to synthesize type II collagen (Von Der
Mark, 1980). In the mandibular condyles, however, type I collagen was observed in the
non-differentiated layers but also around differentiated chondrocytes. In addition, the
expression of type II collagen was weaker than in femoral cartilage. These findings are
in agreement with other investigations on young (Mizoguchi et al, 1990) and neonatal
rats (Mizoguchi et al, 1992) and on fetal mice (Sasano et al, 1992; Ishii et al , 1998). This
indicates that these specific features are already established at an early developmental
stage. In the mandibular condyle of young rats, the local distribution of type I and type
II collagens was shown to depend on the local type of functional loading (Mizoguchi et
al, 1996). In that study, type I collagen was shown to be mainly expressed in regions
subjected to tensile forces, while type II collagen was mainly expressed in regions
subjected to compressive forces. The higher content of collagen type II in the femoral
heads suggests that resistance to compressive forces is more important for this
cartilage than for the mandibular condyle. Indeed, femoral cartilage is meant for
weight-bearing, and therefore subject to high compressive forces. In contrast, cartilage
of the mandibular condyle, which is mainly involved in regional adaptive growth, is
submitted to multidirectional forces and may therefore require both types of collagen
(Mizoguchi et al, 1990). Furthermore, the deposition of type I and type II collagens in
the mandibular condyles of rats was found to be sensitive to alterations in loading
(Pirttiniemi et al, 1996). Some type III collagen was found in the superficial layers of
the mandibular condyles and in the ligament attachment sites of the femoral heads.
Further analyses are required to determine if collagen type III is limited to the fibrous
layer or extended deeper in the mandibular condyle.
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The distribution of IGF-IRß, TGF-ßRII and FGFR2 was quite similar in the
mandibular condyles. Expression of the three growth factor receptors was more
intense in the fibrous and chondroprogenitor layers and decreased in the deeper layers.
The abundance of the receptors on the chondroprogenitor cells might indicate that
IGF-I, TGF-ß and FGF all play a role in the regulation of cell proliferation. Indeed, it
was shown in vitro that these growth factors stimulate cell proliferation in the
mandibular condyle (Livne et al, 1997, Maor et al, 1993; Fuentes et al, 2002). A similar
distribution of IGF-I and FGF receptors was shown by others in mandibular condyles
from young mice and rats (Fuentes et al, 2002; Maor and Karnieli, 1999; Molteni et al,
1999; Visnapuu et al, 2002). We also found a high number of FGF receptors on the
hypertrophied chondrocytes. FGFs might therefore be associated with the regulation
of chondrocyte differentiation as was suggested for rat rib growth plate (Wroblewski
and Edwall-Arvidsson, 1995). A recent study further showed the expression of IGF-I
receptors mainly in the superior and posterosuperior regions of young rat mandibular
condyles, which might be explained by regional variations in functional loading
(Visnapuu et al, 2002). It was also noted that the distribution of FGF receptors
changes in the rat mandibular condyle during growth, probably in response to
functional conditions (Molteni et al, 1999; Visnapuu et al, 2002). In contrast to the
mandibular condyle, the three growth factor receptors were found to be distributed
throughout the entire femoral head. The expression of FGF receptors was more
intense in small columns of cells in the neck of the femoral head. This might indicate a
regulatory function of FGFs in cell division, as was shown for isolated growth plate
chondrocytes (Wroblewski and Edwall-Arvidsson, 1995). Hence, IGF-I, TGFßs and
FGFs all seem to play a role in the growth regulation of both mandibular condyles and
femoral heads.
The ex vivo DNA and GAG synthesis rates of the femoral heads were about two
times higher than that of the mandibular condyles. The difference in the rate of cell
proliferation might be explained by the different mode of growth of both cartilages.
Femoral heads grow by interstitial cell division in the entire organ, while mandibular
condyles grow by appositional cell division mainly in the chondroprogenitor zone
(Luder et al, 1988). The higher GAG synthesis rate in femoral heads is probably caused
by the higher fraction of matrix-synthesizing chondrocytes in femoral cartilage. In
addition, the GAG content was three times higher in the femoral heads than in the
mandibular condyles. Sulfated GAGs are bound to a core protein to form large
proteoglycans with a high water-binding capacity (Caplan, 1984). The proteoglycans
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provide the swelling pressure and resilience of the cartilage. The higher amount of
glycosaminoglycans shown in femoral heads probably leads to a higher resilience. This
supports the above-mentioned relation between the weight-bearing function of the
femoral head and its matrix composition. In addition, it is suggested that the lower
amount of proteoglycans in the mandibular condyle is associated with its lower
independent growth potential (Pietila et al, 1999; Peltomäki et al, 1997).
In conclusion, the matrix composition of both cartilages seem to be related to
their specific biomechanical requirements. Structural strength and resilience have to be
higher in the femoral head than in the mandibular condyle, because it grows under
high pressure and is mainly weight-bearing. In contrast, the mandibular condyle is less
weight-bearing but mainly provides regional adaptive growth. Further, similar growth
factors seem to be involved in the regulation of cell metabolism.
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Abstract
Primary and secondary cartilage differ in embryonic origin and are generally
considered to have a different mode of growth. However, few experimental studies
exist that directly compare the two types of cartilage and their growth regulation. The
regulation of cartilage growth is a complex mechanism involving growth factors like
insulin-like growth factor-I (IGF-I). The purpose of this study was to compare the
growth of mandibular condyles of four-day-old rats with that of femoral heads in vitro
and to analyze the effects of IGF-I. Explants were cultured for up to two weeks with
0, 5, and 25 ng/mL IGF-1. Both, 5 and 25 ng/mL IGF-I significantly stimulated
growth of the mandibular condyles while only 25 ng/mL IGF-I stimulated growth of
the femoral heads. IGF-I increased glycosaminoglycan synthesis of both condylar and
femoral cartilage. However, only the DNA synthesis of the mandibular condyles was
significantly increased by IGF-I while that of the femoral heads was not affected. It is
concluded that IGF-I stimulates growth of both secondary condylar cartilage and
primary femoral cartilage. The mandibular condyle appears to be more sensitive to
IGF-I than the femoral head, which may partly be due to the different developmental
stage.
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Introduction
The mandibular condyle plays an important role in the development of the orofacial
complex. The condylar cartilage acts as a regional adaptive growth site (Enlow, 1996).
Condylar cartilage of the mandible differs from other cartilages such as the
synchondroses, the nasal septal cartilage, the epiphyseal growth plates and the femoral
head cartilage. The latter are all considered to be ‘primary cartilages’ while the condylar
cartilage is defined as ‘secondary cartilage’ (Beresford, 1981). These terms refer to the
difference in embryonic origin; the primary cartilages appear earlier in the embryonic
development than the secondary ones. Secondary cartilages are not derived from the
primary cartilaginous skeleton, but they are mainly associated with membranous
bones. In the mandible, secondary cartilages are found in the angular, condylar and
coronoid processes (Vinkka, 1982).
Primary and secondary cartilages differ in cellular organization, in pattern of
growth (Copray et al, 1986; Silbermann et al, 1987) and in some biochemical features
such as the types of collagen (Mizoguchi et al, 1996; Ishii et al, 1998). Primary cartilage
is supposed to have a relatively independent growth potential and to be less sensitive
to functional factors while cartilage of the mandibular condyle is considered highly
adaptive to biomechanical forces (Copray et al, 1985; Pirttiniemi et al, 1996; Nakai et al,
1998). Mandibular condylar cartilage has long been the object of many investigations
due to its apparent duality. Although it has been demonstrated that this cartilage is
endowed with an adaptive remodeling potential (Petrovic et al, 1975), the mandibular
condyle also possesses an intrinsic growth potential (Rönning and Peltomäki, 1991).
However, the relative importance of the adaptive and intrinsic growth during
development is always debated and the exact factors regulating growth of the
mandibular condyle are still unclear.
Most of the knowledge on the regulation of cartilaginous growth is derived from
studies on epiphyseal plates of long bones. Growth of long bones results from the
proliferation and differentiation of chondrocytes in epiphyseal growth plates. Cartilage
growth is partly epigenetically determined but is also influenced by extrinsic factors
like mechanical stimuli and by systemic (hormones) and local mediators (growth
factors and cytokines) (Hill and Logan, 1992; Stevens and Williams, 1999). Insulin-like
growth factor-I (IGF-I) is a polypeptide of 70 amino acid residues, which stimulates
cell proliferation, induces cell differentiation and stimulates differentiated functions in
several cell types (Jones and Clemmons, 1995). IGF-I is synthesized and secreted by
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many cell types and acts locally by autocrine and paracrine mechanisms as well as
systemically via growth hormone (GH)-stimulated hepatic IGF-I production. In serum
and most body fluids, IGF-I is complexed with high affinity binding proteins
(IGFBPs), which modulate its activity. Cellular effects of IGF-I are mediated by
binding to the IGF-I receptors, which are found mainly on cells of mesenchymal
origin, such as fibroblasts, chondrocytes, and osteoblasts. Disruption of the IGF-I
receptor is associated with severe growth retardation and delayed bone development
(Baker et al, 1993).
In-vitro experiments have demonstrated that GH acts on long bones growth by
stimulating the local production of IGF-I by epiphyseal chondrocytes (Scheven and
Hamilton, 1991). In cell culture experiments, IGF-I has potent mitogenic and
metabolic effects, both when added exogenously and when secreted by the cultured
cells themselves (Jones and Clemmons, 1995). IGF-I increases the production of
proteoglycans and IGF-binding proteins in bovine articular chondrocytes and ovine
growth plate chondrocytes (Sunic et al, 1995). IGF-I also stimulates proliferation and
increases matrix production of chick embryonal chondrocytes (Böhme et al, 1992) and
rat epiphyseal chondrocytes (Ohlsson et al, 1992). In-vivo administration of IGF-I to
hypophysectomized rats stimulates growth plate chondrocytes at all stages of
differentiation (Hunziker et al, 1994). Epiphyseal cartilage of the growth plate thus
seems to be a target tissue for IGF-I during fetal and postnatal development
(Carrascosa and Audi, 1993). In contrast to the many reports on the effect of IGF-I
on growth plate cartilage in culture, only few reports are available on the action of
IGF-I on cartilage of the mandibular condyle.
An immunofluorescence study on murine neonatal mandibular condyles
demonstrated IGF-I production and IGF-I receptors in the chondroprogenitor and
the chondroblast cell layers (Maor et al, 1993). IGF-I receptors were also abundant in
mature chondrocytes of mandibular condyles in young mice (Maor and Karnieli,
1999). In cultures of neonatal mandibular condyles, IGF-I enhanced proliferation and
induced differentiation of cartilage progenitor cells (Maor et al, 1993). These studies
suggest that IGF-I can be produced locally by cartilage of the mandibular condyle and
may regulate cartilage proliferation, differentiation and extracellular matrix deposition.
Moreover, IGF-I synthesis was different in cartilage of the mandibular condyle and in
rib cartilage during growth of young rats (Visnapuu et al, 2002). Regulation of cartilage
growth has often been investigated, but few experimental studies exist that directly
compare primary and secondary cartilage and analyze the effects of growth factors.
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The purpose of our study was to compare the growth of the mandibular condylar
cartilage with that of the femoral head of newborn rats and to analyze the effects of
IGF-I. Both types of cartilage initially function as a growth cartilage but later develop
into an articular cartilage.
Materials and methods
Rat cartilages
Cartilage explants from 59 four-day-old Wistar rats (Harlan, Zeist, The Netherlands)
were used. The experiments were approved by the Board for Animal Experiments of
the University Medical Centre Nijmegen. The rats were decapitated and a total of 117
mandibular condyles and 117 proximal femoral heads were dissected under
stereomicroscopic observation. Throughout this procedure, the tissue was bathed in
IMDM medium (Life Technologies, Breda, the Netherlands) supplemented with 100
U/mL penicillin and 100 µg/mL streptomycin (Life Technologies). After removing
the adhering soft tissue and muscles, the mandibular condyles and the proximal
femoral heads were cut to a length of approximately 1.5 mm. Explanted mandibular
condyles contained only the cartilaginous tissue of the organ and a small amount of
calcified cartilage. Explanted femoral heads contained the chondroepiphysis of the
proximal head and a small part of the growth plate.
Tissue culture
The explants were placed in a 24-well culture plate (Nunc, Roshilde, Denmark) in 0.5
mL culture medium per well. The culture medium consisted of IMDM supplemented
with penicillin (100 U/mL) and streptomycin (100 ? g/mL), ascorbic acid (150
? g/mL) (Sigma, St Louis, MO, USA), ß-glycerophosphate (5 mM) (Sigma) and 0.1 %
bovine serum albumin (BSA) (Sigma). The culture medium was changed three times
per week. The explants were cultured at 37° C in a humidified incubator in an
atmosphere of 5?  CO? in air.
In the first experiment, 30 mandibular condyles and 30 femoral heads were
cultured with 0, 5, or 25 ng/mL recombinant human insulin growth factor I (IGF-I)
(Life Technologies) for up to two weeks (table 1). Three experimental groups of 10
mandibular condyles and 10 femoral heads were composed : (1) untreated control
group, (2) 5 ng/mL IGF-I and (3) 25 ng/mL IGF-I. Three explants from each group
were harvested for histology.
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In the second experiment, 15 mandibular condyles and 15 femoral heads were
cultured to evaluate the effect of IGF-I on glycosaminoglycan (GAG) and DNA
synthesis. Three groups of 10 explants (five mandibular condyles and five femoral
heads) were cultured with 0, 5, or 25 ng/mL IGF-I and labeled at day five with [35S]-
sulfate (Amersham, Little Chalfont, UK) and [methyl-3H]-thymidine (Amersham,
Little Chalfont, UK).
In the third experiment, 60 mandibular condyles and 60 femoral heads were used
to determine the effect of IGF-I on the GAG and hydroxyproline (HYP) content of
the explants. Thirty mandibular condyles and thirty femoral heads served as control
groups (without IGF-I) and the other two groups were cultured with 25 ng/mL IGF-
I.  In each group of 30 explants, 10 explants were harvested after zero, seven, and 14
days in culture. Each time, seven explants were harvested for biochemical analysis and
three explants for histology.
In the last experiment, 12 mandibular condyles and 12 femoral heads were
cultured for zero and 14 days. The explants were cultured with 0 or 25 ng/mL IGF-I
and labeled with 5 µCi [methyl-3H]-thymidine for 17 hours for autoradiography.
Table 1.  List of experiments
Experiment Number of
explants
MC – FH*
Group Culture period
(in days)
Analysis
1 30 - 30 Control group
5 ng/ml IGF-I
25 ng/ml IGF-I
14 Growth
Histology
2 15 - 15 Control group
5 ng/ml IGF-I
25 ng/mL IGF-I
5 GAG synthesis
DNA synthesis
3 60 - 60 Control group
25 ng/ml IGF-I
0 - 7 - 14 GAG content
HYP content
Histology
4 12 - 12 Control group
25 ng/ml IGF-I
0 - 14 3H-Thymidine
Autoradiography
* MC: mandibular condyles;  FH: femoral heads
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Histology (experiments 1 and 3) and autoradiography (experiment 4)
Explants were fixed in 4 ?  neutral formaldehyde solution, dehydrated and
subsequently embedded in paraffin. Serial sections of 7 µm were cut in the mesiodistal
plane for the condyles and along the long axis for the femoral heads. Central sections
were stained with hematoxylin and eosin.
For autoradiography, labeled explants were fixed, paraffin-wax embedded,
sectioned at 7 µm and prepared for autoradiographic processing. The sections were
coated with Ilford Nuclear Emulsion K5 (Ilford Scientific Product, Mobberley,
England), stored at 4°C, developed and stained with hematoxylin and eosin.
Morphometric analyses ( experiment 1)
Standardized pictures were made at the start of the experiment and two times per
week to monitor growth. Diapositives were projected on a graphical tablet (Numonics
Corporation, Montgomeryville, PA, USA) producing a magnification of 200×. The
outer contours of the explants were drawn with a pointer. The surface areas of the
explants were calculated, after calibration, using Sigmascan image analysis software
(Jandel Scientific, San Rafael, CA, USA). The ex-vivo surface area of each explant was
subtracted from the subsequent measurements to obtain net growth per explant. This
procedure excluded the variation caused by different amounts of non-growing
calcified cartilage.
GAG and DNA synthesis (experiment 2)
The synthesis of GAG was determined from the incorporation of [35S]-sulfate in the
tissue and the DNA synthesis was determined from the incorporation of [methyl-3H]-
thymidine into the tissue. The explants were labeled with 5 ? Ci [35S]-sulfate/mL and
with 2 ? Ci [methyl-3H]-thymidine/mL for 17 hours prior to harvesting. After labeling,
the explants were washed three times with phosphate-buffered-saline (PBS) and
digested overnight at 60° C in 550 ? L 1 mg/mL papain (Merck, Darmstadt, Germany)
in 0.2 M NaCl, 0.1 M NaAc, 0.01 M L-cysteine HCl and 0.05 M EDTA, pH 6. Finally,
aliquots of the digests and the label media were diluted in Aqua Luma (Lumac-LSC,
Groningen, The Netherlands) and counted in a liquid scintillation counter (LKB-
Wallac, Turku, Finland). The rate of synthesis was determined as total incorporation
per explant and expressed as percentage of the control cultures (0 ng/mL IGF-I) since
the absolute levels of synthesis of both cartilages were different.  The total
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incorporation of the cartilages was used instead of incorporation normalized by tissue
weight, because the amount of mineralized tissue within the organ varied. This
mineralized tissue does not contribute to the overall metabolism of the cartilage.
GAG and HYP content (experiment 3)
Explants were digested overnight with papain and the aliquots were analyzed for total
sulfated GAG content with a spectrophotometric assay using dimethylmethylene blue
(Farndale et al, 1986). The HYP content, a measure for the amount of collagen, was
determined after alkaline hydrolysis (Huszar et al, 1980). The HYP and GAG contents
were determined as total amounts per explant and expressed as percentage of day zero
for comparison between mandibular condyles and femoral heads.
Statistics
The data were expressed as means ± standard deviation (SD). Differences in growth
and in the biochemical parameters were evaluated. A P-value of less than 0.05 was
considered to be significant. For the growth data, differences between the control
groups and the IGF-I groups were tested by one-way ANOVA. In cases of significant
results, Tukey’s multiple comparisons test was used for further exploration of the
differences. The effects of IGF-I and the type of cartilage on DNA and GAG
synthesis were tested by two-way ANOVA. In cases of significant results, Tukey’s
multiple comparisons test was used. For the GAG and HYP content, data were
evaluated after log transformation in order to obtain a normal distribution . The
increase in HYP or GAG content in time was tested using Student’s t-tests for seven
and 14 days separately. Differences between the relative increase of HYP or GAG
content with 0 and 25 ng/mL IGF-I were tested using the standard errors from the
corresponding t-tests. The differential effects of IGF-I on the two types of cartilage
were tested using the standard errors of the growth factor effects.   
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Results
Histology (experiments 1 and 3) and autoradiography (experiment 4)
The ex-vivo mandibular condyles of four-day-old rats showed a fibrous layer, a
chondroprogenitor layer and a zone of differentiated chondrocytes in the upper half
of the condyle, while hypertrophied chondrocytes were present in the lower half of the
condyle (Fig.1.1A). After 14 days in culture, the condyles had substantially grown and
almost the entire organ consisted of hypertrophied cartilage while only a thin fibrous,
chondroprogenitor and chondrocyte layer remained (Fig.1.2A). The ex-vivo femoral
heads of four-day-old rats consisted mainly of differentiated chondrocytes (Fig.1.3A).
Groups of dividing cells were observed on top of hypertrophied chondrocytes on the
epiphyseal growth plate side. After 14 days in culture, the femoral heads had also
grown and still consisted mainly of differentiated chondrocytes although the
hypertrophied layer had also increased (Fig.1.4A). It appears therefore that the
histological organization of the femoral head was not modified in culture while that of
the mandibular condyle changed more, since most of the chondrocytes became
hypertrophied.
Autoradiography of mandibular condyles ex-vivo showed that DNA synthesis
took place only in the chondroprogenitor layer (Fig.1.1B). After 14 days in culture, the
labeling intensity had decreased, and occurred in a thin, more superficial layer
(Fig.1.2B). In femoral heads ex-vivo, cell proliferation was apparent in all of the non-
hypertrophied cartilage (Fig.1.3B). The labeling intensity had also decreased after 14
days in culture except for the epiphyseal growth plate (Fig.1.4B). Autoradiography of
[35S]-sulfate labeled explants showed a very diffuse signal only in the differentiated
cartilage layer of both organs (results not shown). For both condylar and femoral
cartilage, the labeling intensity of the tissue had decreased after two weeks.
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Morphometric analyses (experiment 1)
The growth of mandibular condyles and femoral heads was measured during two
weeks of culture with 0, 5, or 25 ng/mL IGF-I (Fig.2). The ex-vivo surface area of the
mandibular condyles was 2,91 mm2 ± 0,33 mm2. The increase in surface area of the
mandibular condyles in the control group was 2.2 ± 0.35 mm2 after the two-week
culture period (Fig.2A). Both 5 and 25 ng/mL IGF-I significantly stimulated the
growth of mandibular condyles compared to the controls without IGF-I (P<0.05).
The increases in surface area were 2.7 ± 0.49 mm2 and 3.4 ± 0.41 mm2 respectively.
Twenty-five ng/mL IGF-I stimulated growth significantly more than 5 ng/mL IGF-I
(P<0.05).
The ex-vivo surface area of the femoral heads was 2,58 mm2 ± 0,21 mm2.The
femoral heads in control cultures showed an increase in surface area of 2.5 ± 0.25
mm2 during culture (Fig.2B). For 5 and 25 ng/mL IGF-I, the increase in surface area
was 2.7 ± 0.35 mm2 and 3.3 ± 0.36 mm2 respectively. Only 25 ng/mL IGF-I
significantly stimulated growth compared to the controls (P<0.05). The difference in
growth of cultures with 5 and 25 ng/mL IGF-I was also significant (P<0.05).
Figure 2. Increase in surface area of
mandibular condyles (A) and femoral heads
(B) of 4-day-old rats cultured with 0, 5 and 25
ng/mL IGF-I. Each group contained 10
explants. Values are expressed as means ± SD
(in mm2). (*) Denotes a significant difference,
P<0.05 (one-way ANOVA followed by the
Tukey’s test).
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GAG and DNA synthesis (experiment 2)
GAG and DNA synthesis of mandibular condyles and femoral heads were analyzed
after 5 days in culture with 0, 5, and 25 ng/mL IGF-I (Fig.3). The incorporation of
[3H]-thymidine (DNA synthesis) in control condylar cartilage was 6×104 ± 0.7×104
cpm per explant while that of control femoral cartilage was 13×104 ± 1.7×104 cpm per
explant (Fig.3A). Only 25 ng/mL IGF-I significantly increased the DNA synthesis of
mandibular condyles after five days in culture to 134% of the controls (P<0.05) while
that of femoral heads was not affected. With 25 ng/mL IGF-I, the increase in DNA
synthesis of mandibular condyles was also significantly more than that of femoral
heads (P<0.05).
The incorporation of [35S]-sulfate (GAG-synthesis) in the control condyles was
17×103 ± 0.9×103 cpm per explant while that of the control femoral heads was
60×103 ± 8×103 cpm per explant (Fig.3B). After five days in culture, both 5 and 25
ng/mL IGF-I had stimulated GAG synthesis of the mandibular condyles to 113% and
132% of the controls respectively. For femoral cartilage, a stimulation to 135% and
139% was found for 5 and 25 ng/mL IGF-I respectively. Only for 5 ng/mL IGF-I,
the increase of GAG synthesis was significantly higher for femoral cartilage than for
condylar cartilage (P<0.05).
Figure 3. The effect of IGF-I on DNA
synthesis (A) and GAG synthesis (B) of
mandibular condyles and femoral heads of 4-
day-old rats. DNA and GAG synthesis were
determined after 5 days in culture with 0, 5
and 25 ng/mL IGF-I. The results are
expressed as percentage of control cultures.
Data represent the mean ± SD of five
explants. (*) Denotes a significant (P<0.05)
difference between the control and the
treated group. (a) Denotes a significant
difference between condylar and femoral
cartilage (two-way ANOVA followed by the
Tukey’s test).
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GAG and HYP content (experiment 3)
The GAG and HYP content of mandibular condyles and femoral heads was
determined after zero, seven, and 14 days in culture with 0 and 25 ng/mL IGF-I
(Fig.4). Ex vivo, the HYP content of the mandibular condyles was 3.52 ± 0.37
µg/explant while that of the femoral heads was 5.81 ± 0.88 µg/explant (Fig.4A). After
seven and 14 days in culture without IGF-I, the HYP content of the mandibular
condyles was 124% and 244% of day zero respectively. With 25 ng/mL IGF-I, it
increased to 179% and to 282% of the day zero content. The difference in the HYP
content of the mandibular condyles between 0 and 25 ng/mL IGF-I was significant
only after seven days in culture (P<0.001). For the femoral heads, after seven and 14
days in culture without IGF-I, the HYP content was 152% and 228% of day zero
respectively. With 25 ng/mL IGF-I, the HYP content of femoral cartilage increased to
202% (of day zero) after seven days and to 329% after 14 days. The stimulating effect
of IGF-I on the HYP content of femoral cartilage was significant both after seven
days (P=0.03) and 14 days (P=0.01). No significant differences were observed in the
effect of IGF-I between the mandibular condyles and the femoral heads.
Ex vivo, the GAG content of the mandibular condyles was 20.06 ± 0.96
µg/explant while that of the femoral heads was 86.59 ± 10.2 µg/explant (Fig.4B).
After 14 days in culture without IGF-I, the GAG content of the mandibular condyles
was 307% of the ex-vivo content while that of the femoral heads was 223%. After 14
days in culture with 25 ng IGF-I, the GAG content of the condylar cartilage increased
to 374% of the ex-vivo content while it increased to 300% for the femoral cartilage. At
this point of time, the difference of GAG content between 0 and 25 ng/mL IGF-I
was significant for mandibular condyles (P=0.02) as well as for femoral heads
(P=0.03). However, there was no significant difference between condylar and femoral
cartilage.
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Figure 4. The effect of IGF-I on the
hydroxyproline content (A) and
glycosaminoglycan (GAG) content (B) of
mandibular condyles (M) and femoral heads
(F) of 4-day-old rats. The contents were
analyzed after 0, 7, and 14 days in culture with
0 and 25 ng/mL IGF-I. The results are
expressed as percentage of day 0. Data
represent the mean ± SD of at least six
explants. (*) Denotes a significant (P< 0.05)
difference between 0 and 25 ng/mL IGF-I at
the same point of time (Student’s t-tests).
Discussion
In this study the effects of IGF-I on the growth of neonatal mandibular condyles and
femoral heads were compared in vitro. Histological evaluation revealed clear-cut
differences in tissue organization between the two types of cartilage. Condylar cartilage
of four-day-old rats was composed of various zones and showed a thick layer of
hypertrophied chondrocytes as described earlier (Copray et al, 1986; Mizuno et al,
1992). Cartilage of the femoral head consisted mainly of differentiated chondrocytes in
the chondroepiphysis and contained only a small part of the growth plate including
some hypertrophied chondrocytes. The histological organization of the mandibular
condyle changed more in culture than that of the femoral head. Although the isolated
mandibular condyle grew in vitro, the cartilage persisted for only a limited time as
most of the chondrocytes become hypertrophied. This transformation could result
from the lack of function and growth factors necessary for its regulation (Copray et al,
1983; Rönning and Peltomäki, 1991).
Autoradiography of [methyl-3H]-thymidine labeled explants showed that the
mode of growth of both cartilages also differs. In the mandibular condyles, the only
proliferating cell population was that in the chondroprogenitor layer. The
prechondroblasts lose their ability to divide when they differentiate into matrix-
synthesizing chondroblasts and chondrocytes. In the femoral heads, however,
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proliferation occurred throughout the cartilage. These observations confirm that, in
cartilage of the mandibular condyle, growth is appositional while growth is mainly
interstitial in the femoral head (Durkin et al, 1973; Copray et al, 1986). There are very
few investigations on the growth of the chondroepiphysis of the femoral head. Several
reports compare growth of the mandibular condylar cartilage with that of the
epiphyseal growth plate. However, it seems more accurate to compare the growth of
the condyle with that occurring in the cartilage of the epiphysis of long bones (Durkin
et al, 1973). Indeed, during development, both cartilages are involved in growth
processes at an early stage and function later as articular cartilage.
For both types of cartilage, growth is determined by cell proliferation, matrix
synthesis and cell hypertrophy. In comparison with cartilage of the mandibular
condyle, chondrocyte hypertrophy in femoral cartilage only weakly contributes to the
total growth. Another difference is the localization of cell division, which occurs only
superficial in the mandibular condyle but throughout the entire femoral head.
Morphometric analyses were performed to determine the effect of IGF-I on the total
growth of primary and secondary cartilage. The results show that IGF-I stimulated
growth of both types of cartilage, and did not modify their histological organization
compared to cultures without IGF-I. Growth of mandibular condyles was already
stimulated by a dose of 5 ng/mL IGF-I while a dose of 25 ng/mL IGF-I was required
to stimulate the growth of femoral heads. According to several authors, primary
cartilage of the growth plate is a target tissue for IGF-I (Hunziker et al, 1994;
Carrascosa and Audi, 1993) while only few reports exist on the regulatory effect of
IGF-I on the mandibular condyle. However, it was demonstrated that IGF-I enhances
the growth of neonatal mandibular condyles in culture (Maor et al, 1993). Our study
confirms that growth of the mandibular condyle in vitro is stimulated by IGF-I and, in
addition, that this secondary cartilage seems to be more sensitive to IGF-I than the
primary cartilage of the femoral head. The control DNA synthesis rate was higher in
the femoral heads than in the mandibular condyles which may be due to the different
modes of growth. Since cell proliferation occurs in the entire femoral cartilage, the
number of dividing cells is higher than in the condylar cartilage. Also, the inclusion of
a small part of the epiphyseal growth plate might contribute to this difference.
Twenty-five ng/mL IGF-I stimulated DNA synthesis in the mandibular condyles
while DNA synthesis of the femoral heads was not affected. A higher IGF-I
concentration may be required to stimulate DNA synthesis in the femoral cartilage.
Others have shown that IGF-I induced significant mitogenic responses at 50 and 100
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ng/mL IGF-I in cultures of fetal equine articular chondrocytes (Nixon et al, 1998).
Some authors have also found that an optimal mitogenic effect of IGF-I is achieved
only when differentiated chondrocytes are cultured in the presence of other growth
factors (Van Susante et al, 2000). Additional growth factors may be required for
femoral cartilage to respond to IGF-I. Our results on cartilage of the mandibular
condyle are in agreement with other reports showing an increase in cell proliferation
by IGF-I in cultures of mandibular condyles from neonatal and young rats (Copray et
al, 1988; Fuentes et al, 2002). Furthermore, inactivation of locally produced IGF-I
resulted in an almost complete inhibition of DNA synthesis as well as in degenerative
changes of the mandibular condyle (Maor et al, 1993). It seems therefore, that IGF-I is
an important endogenous regulator of early postnatal mandibular condylar growth.
The GAG synthesis of both mandibular condyles and femoral heads was
stimulated by IGF-I although that in the latter was significantly higher. The higher
GAG synthesis rate in femoral heads is probably due to the higher fraction of matrix-
synthesizing chondrocytes. The addition of IGF-I also resulted in an increase of GAG
synthesis in cultures of neonatal mandibular condyles (Maor et al, 1993; Copray et al,
1988), in costal cartilage (Copray et al, 1988), in rat epiphyseal chondrocytes (Ohlsonn
et al, 1992), and in fetal equine articular chondrocytes (Nixon et al, 1998). In our
experiments, 25 ng/mL IGF-I significantly increased the glycosaminoglycan and
hydroxyproline content of both cartilages. These observations correspond with the
increased growth.
Several factors might explain the differential response of mandibular condylar
and femoral cartilage to IGF-I. The type and number of IGF-I receptors on cells in
subsequent stages of chondrocyte differentiation contribute to the sensitivity of the
cartilage to IGF-I. This may differ between these two types of cartilage. Visnapuu and
coworkers have found an uneven distribution of IGF-I receptors in the cartilage of
the mandibular condyle of young rats compared to that of the epiphyseal growth plate
(Visnapuu et al, 2001). IGF Binding Proteins (IGFBPs) can also modulate the action
of IGF-I by regulating its availability and its presentation to receptors on the cell
membrane (Morales, 1997). IGF-I analogues with a reduced affinity for IGFBPs can
more potently stimulate DNA and proteoglycan synthesis in cultures of fetal and adult
chondrocytes than genuine IGF-I (Sunic et al, 1995; De Los Rios and Hill, 1999).
Sunic and coworkers suggest that the differences in chondrocyte responses to IGF-I
can be due to varying feed-back mechanisms inducing the synthesis of specific
IGFBPs (Sunic et al, 1995).
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We can conclude that both in primary and secondary cartilage, growth is
stimulated by IGF-I although cartilage of the mandibular condyle seems to be more
sensitive to this growth factor. This may be due to  the different embryonic origin of
both cartilages and the difference in developmental stage.  It is obvious that our in-
vitro culture system does not exactly copy the in-vivo development of the cartilages.
However, proliferation, differentiation, matrix production, and hypertrophy take place
in our culture system. This organ culture is therefore suitable to analyze the effects of
growth factors on the main processes determining growth in those cartilages. In the
near future we plan to compare the effects of other growth factors and combinations
of growth factors on the growth of mandibular condylar and femoral cartilage in this
culture model.
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Abstract
The mandibular condyle is a major growth site and is known to adapt to functional
factors. Numerous studies have been performed on the effects of growth factors on
the metabolism of primary cartilages but only a few investigations have compared
their action on primary and secondary cartilages. Therefore, the purpose of this study
was to compare the effects of insulin-like growth factor-I (IGF-I), transforming
growth factor-ß1 (TGF-ß1), and fibroblast growth factor-2 (FGF-2) on the growth of
secondary cartilage from the mandibular condyle and primary cartilage from the
femoral head of new-born rats. In addition, synergy between these growth factors was
investigated. The level of glycosaminoglycan (GAG) and DNA synthesis was analyzed
after five days in culture with the growth factors. The effects of TGF-ß1 and FGF-2
on growth, tissue organization, and the GAG and collagen content were also
evaluated.
The stimulation of cell proliferation by the growth factors was higher in
mandibular condyles than in femoral heads. The content of matrix components was
reduced more by FGF-2 in the mandibular condyles than in the femoral heads. Both
TGF-ß1 and FGF-2 antagonized the stimulatory effects of IGF-I on GAG synthesis in
the two types of cartilage. In contrast, the total growth of mandibular condyles was
not affected by TGF-ß1 and FGF-2 while that of femoral heads was strongly reduced.
This was mainly due to the inhibition of chondrocyte hypertrophy. These results show
that in spite of the extensive effects of growth factors on the metabolism of
mandibular condyles, their dimensional growth was not affected.
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Introduction
The importance of the mandibular condyle for craniofacial growth and development
has often been discussed. Several theories on craniofacial morphogenesis have been
proposed, of which some define the mandibular condyle as an important growth
centre (Baume, 1961; van Limborg, 1972). Others consider it as an organ without
independent growth potential that is mainly adapting to the function of surrounding
structures (Moss and Rankow, 1968; Koski, 1968; Petrovic et al, 1975). However, some
studies have also demonstrated that the mandibular condyle possesses both an
intrinsic and an adaptive growth capacity (Meikle, 1973; Kantomaa, 1984).
Cartilage of the mandibular condyle is considered as secondary cartilage, while
the epiphyseal growth plate, the synchondrosis, and the cartilage of the femoral head
are all considered as primary cartilages. These two types of cartilage have a different
embryonic origin. Primary cartilages are part of the primary cartilaginous skeleton
while secondary cartilages are defined as chondral tissues that develop independent of
the chondroskeleton and in close association with membranous bones (Beresford,
1981). Primary and secondary cartilages also differ in histological organization and in
the composition of the extracellular matrix (Takigawa et al, 1984; Copray et al, 1986;
Mitzoguchi et al, 1990; Ishii et al, 1998). Although few studies have directly compared
the growth regulation of primary and secondary cartilages, the general idea is that
primary cartilage has a relatively independent growth potential and is more sensitive to
hormone-like factors, while secondary cartilage is more sensitive to functional factors
(Copray and Duterloo, 1986; Copray et al, 1986; Rönning, 1991).
In recent years, experiments have indicated that growth factors also play an
important role in the regulation of the metabolism of the mandibular condyle. Both
insulin-like growth factor-I (IGF-I) and transforming growth factor-ß1 (TGF-ß1) were
detected in the mandibular condyle of growing rats, and their localization was shown
to be dependent on the stage of development (Li et al, 1998). Fibroblast growth factor-
2 (FGF-2) has been detected in cartilage of the mandibular condyle of adult rats
(Tajima et al, 1998). In addition, TGF-ß1, TGF-ß2 and TGF-ß3 have been found in the
cartilage of the porcine mandibular condyle throughout postnatal development
(Moroco et al, 1997). These growth factors have also been shown to regulate the
metabolism of mandibular condyles and of isolated condylar cells in vitro (Maor et al,
1993; Livne et al, 1997; Maor et al, 1999; Molteni et al, 1999; Blumenfeld et al, 2000).
IGF-I, TGF-ß1 and FGF-2 are also expressed within the epiphyseal growth plate
where they seem to regulate the rate of chondrocyte proliferation, matrix protein
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synthesis, and terminal differentiation (Hill and Logan, 1992a). Several studies have
been performed on the effects of these growth factors on isolated chondrocytes from
primary cartilage in culture. In general, they stimulated matrix synthesis and
proliferation (Ohlsson et al, 1992; Hill and Logan, 1992b O’Keefe et al, 1994; Van
Susante et al, 2000).
Studies on the action of specific growth factors on the two types of cartilage
generally show similar effects. However, FGF-2 is found in all zones of the
mandibular condyle of 8-week-old rats while it is only found in the upper layers of
epiphyseal cartilage during endochondral ossification (Tajima et al, 1998). Moreover,
Visnapuu et al (2001) found differences in the distribution of IGF-I receptors in the
mandibular condyle and the epiphyseal growth plate of young rats. IGF-I synthesis
during growth of the mandibular condyle of young rats is also different from that of
rib cartilage (Visnapuu et al, 2002). These findings indicate that growth factors might
indeed differentially regulate primary and secondary cartilages. Synergistic effects of
growth factors have also been shown for several types of chondrocytes (Hill and
Logan, 1992b; Hill et al, 1992; O’Keefe et al, 1994; Rosselot et al, 1994; Böhme et al,
1995).
In conclusion, only a few studies have directly compared the regulatory effects of
growth factors on primary and secondary cartilages. Therefore, the aim of this
investigation was to compare the effects of IGF-I, TGF-ß1 and FGF-2 on mandibular
condyles and femoral heads of new-born rats. In addition, synergy between these
growth factors was investigated.
Materials and methods
Rat cartilages
Breeding groups of rats were kept under normal laboratory conditions and were fed
standard rat chow and water ad libitum. The experiments were approved by the Board
for Animal Experiments of the University Medical Centre Nijmegen.
Cartilages from 63 four-day-old Wistar rats (Harlan, Zeist, The Netherlands)
were used. The rats were decapitated and 126 mandibular condyles and 126 femoral
heads were dissected under the stereomicroscope. Throughout this procedure, the
tissue was bathed in IMDM medium (Life Technologies, Breda, the Netherlands)
supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin (Life
Technologies). After removing the adhering soft tissue and muscles, the mandibular
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condyles and the proximal femoral heads were cut to a length of approximately 1.5
mm. Mandibular condyles contained only the cartilaginous tissue of the organ and a
small amount of calcified cartilage. Femoral heads contained the cartilaginous tissue of
the proximal head and part of the growth plate.
Tissue culture
The cartilages were placed in a 24-well culture plate (Nunc, Roshilde, Denmark) in 0.5
ml culture medium. The culture medium consisted of IMDM supplemented with
penicillin (100 U/ml) and streptomycin (100 ? g/ml), ascorbic acid (150 ? g/ml)
(Sigma, St Louis, MO, USA), ß-glycerophosphate (5 mM) (Sigma) and 0.1 per cent
bovine serum albumin (BSA) (Sigma). The culture medium was changed three times
per week. The cartilages were cultured at 37° C in a humidified incubator in an
atmosphere of 5 per cent CO? in air.
In the first experiment, 55 mandibular condyles and 55 femoral heads were
cultured with a single growth factor to determine the effects on GAG and DNA
synthesis after five days. Groups of five cartilages were cultured with 0.1, 1 or 10
ng/ml recombinant human transforming growth factor-beta 1 (TGF-ß1), with 1, 10 or
100 ng/ml recombinant human basic fibroblast growth factor (FGF-2) or with 5, 25
or 100 ng/ml recombinant human insulin growth factor I (IGF-I) (Life Technologies).
In the second experiment, the synergistic effects of IGF-I and TGF-ß1 or IGF-I
and FGF-2 on GAG and DNA synthesis was analyzed after five days in culture. To
this end, 35 mandibular condyles and 35 femoral heads were cultured in groups of five
with 100 ng/ml IGF-I and the above-mentioned concentrations of TGF-ß1 or FGF-2.
In the third experiment, three groups of 24 cartilages (12 mandibular condyles
and 12 femoral heads) were cultured for two weeks to determine the effect of selected
growth factors on growth. One group without growth factors served as a control
group, the second group was cultured with 10 ng/ml TGF-ß1 and the third one with
100 ng/ml FGF-2. Growth was monitored during culture. At the end of culture, six
cartilages per group were labeled either with [35S]-sulfate or [methyl-3H]-thymidine and
prepared for histology and autoradiography. The other cartilages were used for
biochemical analyses.
Biochemical analyses
The synthesis of GAGs was determined from the incorporation of [35S]-sulfate
(Amersham, Little Chalfont, UK) into the tissue and the DNA synthesis was
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determined from the incorporation of [methyl-3H]-thymidine (Amersham). In the first
and the second experiment, the cartilages were labeled with both 5 ? Ci [35S]-
sulfate/ml and 2 ? Ci [methyl-3H]-thymidine/ml for 17 hours. After labeling, the
cartilages were washed three times with phosphate-buffered-saline (PBS) and digested
overnight at 60°C in 550 ? l 1 mg/ml papain (Merck, Darmstadt, Germany) in 0.2 M
NaCl, 0.1 M NaAc, 0.01 M L-cysteine HCl and 0.05 M EDTA, pH 6. Finally, aliquots
of the digests and the labelmedia were diluted in scintillation fluid Aqua Luma
(Lumac-LSC, Groningen, The Netherlands) and counted in a liquid scintillation
counter (LKB-Wallac, Turku, Finland). The rate of synthesis was determined as the
total incorporation per culture to exclude the variation due to varying amounts of
calcified cartilage. GAG and DNA synthesis were expressed as percentages of the
control cultures to allow comparison between mandibular condyles and femoral heads.
Aliquots of the digests were also analyzed for total sulfated GAG with a
spectrophotometric assay using dimethylmethylene blue (Farndale et al, 1986). The
hydroxyproline (HYP) content, a measure for the amount of collagen, was determined
after alkaline hydrolysis (Huszar et al, 1980). The HYP and GAG contents were
determined as total amounts per culture and expressed as percentages of the control
cultures.
Histology and autoradiography
Cartilages were fixed in 4 per cent neutral formaldehyde solution, dehydrated and
subsequently embedded in paraffin. Serial sections of 7 µm were cut in the sagittal
plane for the condyles and along the long axis for the femoral heads. Central sections
were stained with hematoxylin and eosin and the von Kossa method.
To visualize cell proliferation, sections of cartilages labeled with 5 µCi [methyl-
3H]-thymidine were processed for autoradiography. GAG production was visualized
after labeling with 10 µCi [35S]-sulfate. In short, sections were coated with Ilford
Nuclear Emulsion K5 (Ilford Scientific Product, Mobberley, England), stored at 4°C,
developed, and stained with hematoxylin and eosin.
Growth measurements
Standardized photographs were obtained at the start of the third experiment and twice
per week to monitor growth. Diapositives were projected on a graphical tablet
(Numonics Corporation, Montgomeryville, PA, USA) producing a magnification of
200 times. The outer contours of the cartilages were drawn with a pointer. The
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calibrated surface areas were determined using Sigmascan image analysis software
(Jandel Scientific, San Rafael, CA, USA). The initial surface area of each cartilage was
subtracted from the subsequent measurements to obtain net growth. This procedure
excluded the variation caused by different amounts of non-growing calcified cartilage
present in the tissues.
Statistics
The data were expressed as the means ± standard deviation (SD). For the biochemical
variables, differences between the control groups and the experimental groups and
between both types of cartilage were tested by two-way ANOVA. In cases of
significant effects, Tukey’s multiple comparisons test was used for further exploration
of the differences. For the growth analyses, differences in the total growth at the end
of culture were tested by one-way ANOVA. A p-value of less than 0.05 was
considered to be statistically significant.
Results
Effects of single growth factors on metabolism
The DNA and GAG synthesis of the mandibular condyles and the femoral heads were
analyzed after five days in culture with different concentrations of IGF-I, TGF-ß1 and
FGF-2 (Figure 1). The incorporation of [3H]-thymidine (DNA synthesis) in control
condylar cartilage was 6.0 ± 0.7 × 104 cpm per culture while that of control femoral
cartilage was 13.2 ± 1.7 × 104 cpm (Figure 1A). Both 25 and 100 ng/ml IGF-I
significantly increased the DNA synthesis of mandibular condyles to 134 per cent and
190 per cent of the controls respectively (p<0.05). For femoral cartilage, only 100
ng/ml IGF-I significantly increased the DNA synthesis to 124 per cent of the controls
(p<0.05). With both 25 and 100 ng/ml IGF-I, the stimulation was significantly higher
for the mandibular condyles than for the femoral heads. With TGF-ß1, the DNA
synthesis of mandibular condyles seemed to increase (not significant) while that of
femoral heads did not change. The increase in DNA synthesis observed with 100
ng/ml FGF-2 was significant only if mandibular condyles and femoral heads were
taken together (p<0.05).
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Figure 1. Effects of IGF-I, TGF-ß1 and FGF-2
on the DNA synthesis (A) and the
glycosaminoglycan (GAG) synthesis (B) of
mandibular condyles and femoral heads of 4-
day-old rats. DNA and GAG synthesis were
analyzed after 5 days in culture with the single
growth factors in the indicated concentrations.
Data represent the mean ± SD of five cultures.
The results are expressed as percentages of the
control cultures. (*) Denotes a significant
difference (p < 0.05) between the control and
the treated mandibular condyles or femoral
heads. (#) Denotes a significant difference
between the control and the treated groups only
if mandibular condyles and femoral heads are
taken together.(a) Denotes a significant
difference between mandibular condyles and
femoral heads (two-way ANOVA followed by
the Tukey’s test).
Figure 2. Synergistic effects of growth factors
on the DNA synthesis (A) and the
glycosaminoglycan (GAG) synthesis (B) of
mandibular condyles and femoral heads of 4-
day-old rats. DNA and GAG synthesis were
analyzed after 5 days in culture with 100 ng/ml
IGF-I (control) and TGF-ß1 or FGF-2 in the
indicated concentration. Data represent the
mean ± SD of five cultures. The results are
expressed as percentages of the control cultures.
(*) Denotes a significant difference
(p < 0.05) between the control and the treated
mandibular condyles or femoral heads. (#)
Denotes a significant difference between the
control and the treated groups only if
mandibular condyles and femoral heads are
taken together.(a) Denotes a significant
difference between mandibular condyles and
femoral heads (two-way ANOVA followed by
the Tukey’s test).
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The incorporation of [35S]-sulfate (GAG synthesis) in the control condyles was
17.4 ± 0.9 × 103 cpm per culture while that of the control femoral heads was 60.2 ±
7.8 × 103 cpm (Figure 1B). The stimulation of GAG synthesis was significant for both
cartilages at all concentrations of IGF-I (p<0.05). No significant differences in GAG
synthesis were found between mandibular condyles and femoral heads in response to
IGF-I. For cultures with TGF-ß1 and FGF-2, there was also no significant difference
between both cartilages. Only the groups cultured with 1 ng/ml TGF-ß1 showed a
significant increase of GAG synthesis when mandibular condyles and femoral heads
were taken together (p<0.05). The three concentrations of FGF-2 significantly
reduced GAG synthesis of femoral heads while only 100 ng/ml FGF-2 reduced that
of mandibular condyles to 53 per cent of the controls (p<0.05).
Effects of combined growth factors on metabolism
To analyze interactions between growth factors, DNA and GAG synthesis of
mandibular condyles and femoral heads were determined after 5 days in culture with
100 ng/ml IGF-I and the indicated concentrations of either TGF-ß1 or FGF-2 (Figure
2).
IGF-I and TGF-ß1
For both DNA and GAG synthesis, no significant difference between the mandibular
condyles and the femoral heads was observed in response to TGF-ß1. The effects of
TGF-ß1 were only significant if both cartilages were taken together (p<0.05). DNA
synthesis of all cultures with IGF-I and 10 ng/ml TGF-ß1 was less than that of the
controls (with 100 ng/ml IGF alone) and also less than that with 0.1 or 1 ng/ml TGF-
ß1 (p<0.05) (Figure 2A). GAG synthesis significantly decreased with the addition of 1
and 10 ng/ml TGF-ß1 compared with the controls cultured with 100 ng/ml IGF-I
alone (p<0.05) (Figure 2B). GAG synthesis of cultures with 10 ng/ml TGF-ß1 was
also significantly less than that of cultures with lower concentrations of TGF-ß1
(p<0.05).
IGF-I and FGF-2
A significant difference in DNA synthesis between the two types of cartilage was
found for the cultures with IGF-I and 100 ng/ml FGF-2 (p<0.05) (Figure 2A). GAG
synthesis of the mandibular condyles significantly decreased with 100 ng/ml FGF-2
compared with the controls and to lower concentrations of FGF-2 (p<0.05) (Fig.2B).
For the femoral heads, GAG synthesis significantly decreased for all the combinations
of IGF-I and FGF-2 compared with the controls (p<0.05). The decrease in GAG
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synthesis was significantly greater in the mandibular condyles than in the femoral
heads in cultures with 100 ng/ml FGF-2 (p<0.05).
Effects of TGF-ß1 and FGF-2 on matrix composition
The GAG and HYP contents of mandibular condyles and femoral heads was
determined after 14 days in culture without growth factor (control), with 10 ng/ml
TGF-ß1 or with 100 ng/ml FGF-2 (Figure 3). After two weeks, the GAG content of
the control mandibular condyles was 33.4 ± 3.6 µg/culture and that of the control
femoral heads 188.1 ± 27.3 µg/culture (Figure 3A). With 10 ng/ml TGF-ß1, the GAG
content of the mandibular condyles significantly increased to 123 per cent of the
controls (p<0.05) while that of the femoral heads did not change. With 100 ng/ml
FGF-2, the GAG content of the mandibular condyles decreased to 51 per cent
(p<0.05) while that of the femoral heads again did not change. The differences
between the relative change in GAG content of mandibular condyles and femoral
heads in response to both TGF-ß1 and FGF-2 were significant (p<0.05).
After two weeks, the HYP content of the mandibular condyles in the control
cultures was 7.0 ± 0.9 µg/culture while that of the control femoral heads was 15.9 ±
1.3 µg/culture (Figure 3B). With TGF-ß1, the HYP content of the femoral heads
increased to 127 per cent of the controls (p<0.05) while that of the mandibular
condyles did not change significantly. In contrast, with FGF-2, the HYP content of
the mandibular condyles decreased to 71 per cent of the controls (p<0.05) while that
of the femoral heads was not affected.
Effects of TGF-ß1 and FGF-2 on growth
The growth of the mandibular condyles and femoral heads was measured during two
weeks of culture without growth factors (control), with 10 ng/ml TGF-ß1 and with
100 ng/ml FGF-2 (Figure 4). The mandibular condyles in the control cultures showed
an increase in size of 1.3 ± 0.3 mm2 in two weeks (Figure 4A). TGF-ß1 and FGF-2 did
not significantly affect their growth. The increase in size of the femoral heads in the
control group was 2.6 ± 0.3 mm2 after the two-week culture period (Figure 4B). With
TGF-ß1 the total increase in size was only 1.3 ± 0.3 mm2 and with FGF-2 0.8 ± 0.3
mm2 (p<0.05). Growth was also significantly more reduced by FGF-2 than by TGF-ß1
(p<0.05).
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Figure 3. The effects of TGF-ß1 and FGF-2
on the glycosaminoglycan (GAG) content (A)
and hydroxyproline (HYP) content (B) of
mandibular condyles and femoral heads of 4-
day-old rats. The contents were analyzed after
14 days in culture without growth factor
(control), with 10 ng/ml TGF-ß1 and with
100 ng/ml FGF-2. Data represent the mean
± SD of six cultures. The results are
expressed as percentages of control cultures.
(*) Denotes a significant difference (p < 0.05)
between the control and treated group. (a)
Denotes a significant difference between
mandibular condyles and femoral heads (two-
way ANOVA followed by the Tukey’s test).
Figure 4. Increase in the surface area of the
mandibular condyles (A) and femoral heads
(B) of 4-day-old rats cultured without growth
factors (control), with 10 ng/ml TGF-ß1 and
with 100 ng/ml FGF-2. Each group
contained 12 cartilages. Values are expressed
as means ± SD. (*) Denotes a significant
difference (p < 0.05) between the groups
(one-way ANOVA followed by the Tukey’s
test).
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Histology
Tissue organization
Initially, the mandibular condyles of four-day-old rats showed a fibrous and
chondroprogenitor layer and a zone of differentiated chondrocytes in the upper half
of the condyle, while hypertrophied chondrocytes were present in the lower half of the
condyle (Figure 5A). After 14 days in culture, the control mandibular condyles had
grown substantially and almost the entire organ consisted of hypertrophied cartilage
while only a thin fibrous, chondroprogenitor and chondrocyte layer remained (Figure
5B). After 14 days in culture with 10 ng/ml TGF-ß1, the mandibular condyles had also
grown but the hypertrophied layer was much reduced and occupied only a small part
of the organ. A thicker fibrous and chondroprogenitor layer had formed and a wider
zone of chondrocytes was present (Figure 5C). With 100 ng/ml FGF-2, the relative
proportion of the different layers was similar to that with TGF-ß1, but the
hypertrophied layer was less reduced (Figure 5D).
Initially, the femoral heads of four-day-old rats consisted mainly of differentiated
chondrocytes (Figure 5E). Hypertrophied chondrocytes were present at the growth
plate side of the organ. After 14 days in culture without growth factors, the femoral
heads had grown, but still consisted mainly of differentiated chondrocytes. The
hypertrophied layer had increased (Figure 5F). With both TGF-ß1 and FGF-2, the
zone of hypertrophied cartilage was much reduced (Figures 5G and 5H). There was
almost no transitional zone between the dividing chondrocytes and the degenerated
cartilage. The number of chondrocytes in the femoral heads seemed to be increased by
TGF-ß1 and FGF-2, but the cells seemed smaller.
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Figure 5. Central sections of mandibular condyles (A,B,C,D) and femoral heads (E,F,G,H) of
4-day-old rats stained with hematoxylin and eosin (bar = 200 µm). Initially, the mandibular
condyle showed various layers (A). After 14 days of culture, almost the entire mandibular
condyle control consisted of hypertrophied chondrocytes (B). After 14 days with TGF-ß1, the
hypertrophied layer was much reduced and there was a wider zone of chondrocytes (C). With
FGF-2, the hypertrophy was less reduced than with TGF-ß1 (D). Initially, the femoral head
consisted mainly of differentiated chondrocytes (E). After 14 days, the hypertrophied layer
had increased (F). With TGF-ß1 and FGF-2, the hypertrophied layer was greatly reduced and
the number of chondrocytes seemed increased (G,H).
Mineralization
In the mandibular condyles, the von Kossa staining indicated mineralization of the
extracellular matrix (ECM) in the hypertrophied layer before culture (Figure 6A). After
two weeks in culture without growth factors, the degree of mineralization in the
mandibular condyles appeared to have increased (Figure 6B). In the mandibular
condyles cultured with TGF-ß1 and FGF-2, there was less mineralization than in the
controls (Figures 6C and 6D).
There was almost no mineralization in the femoral heads before culture (Figure
6E). After two weeks of culture, some mineralization was observed in the ECM of
hypertrophied chondrocytes and in the degenerated cartilage of control femoral heads
(Figure 6F). In femoral heads cultured with 10 ng/ml TGF-ß1 and 100 ng/ml FGF-2,
the staining seemed reduced (Figures 6G and 6H).
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Figure 6. Sections of the mandibular condyles (A,B,C,D) and femoral heads (E,F,G,H) of 4-
day-old rats stained with the von Kossa method (bar = 200 µm). In the mandibular condyle,
the von Kossa staining initially demonstrated mineralization of the extracellular matrix in the
hypertrophied layer (A). After 14 days of culture, the degree of mineralization had increased
(B). In the 14-day cultures with TGF-ß1 and FGF-2, there was less mineralization than in the
controls (C,D). In the femoral head initially, there was almost no mineralization (E). After 2
weeks of culture, mineralization was apparent in the degenerated cartilage of the femoral head
control (F) while the staining was reduced with TGF-ß1 (G) and FGF-2 (H).
Discussion
Few reports exist that directly compare the effects of growth factors on primary and
secondary cartilages in vitro. Conflicting results from the literature may be due to
species differences, growth factor dose, the age of the animals or to other differences
in experimental conditions. The aim of this study was to compare the effects and
interactions of IGF-I, TGF-ß1 and FGF-2 on the growth of neonatal mandibular
condyles and femoral heads in vitro.
Initial differences
The initial DNA and GAG synthesis rates of the femoral heads were always higher
than those of the mandibular condyles. The difference in the rate of cell proliferation
can be explained by the different mode of growth of both cartilages. Femoral heads
are growing by interstitial cell division in the entire organ and mandibular condyles by
appositional cell division in the chondroprogenitor layer (Copray et al, 1986).
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However, others have recently indicated that it may also occur in the chondroblast
layer of new-born animals (Visnapuu et al, 2000). The higher GAG synthesis rate in
femoral heads is probably caused by the higher fraction of matrix-synthesizing
chondrocytes in femoral cartilage. In addition, much more matrix per cell is present.
Effects of IGF-I
IGF-I is known to be an important regulator of chondrogenesis. In the present study,
IGF-I stimulated cell proliferation in both cartilages, although the mandibular
condyles were more sensitive. IGF-I has also been reported to increase the cell
proliferation in the mandibular condyles of new-born and young rats (Maor et al, 1993;
Fuentes et al, 2002) and in rat epiphyseal chondrocytes (Ohlsson et al, 1992).
Chondrocytes are the proliferating cells in femoral cartilage while the proliferating cells
in mandibular condyles are less-differentiated chondroprogenitor cells. These cells
might be more sensitive to IGF-I. Indeed, the type and number of IGF-I receptors on
the cells and the amount of IGF binding proteins in the ECM can modulate the effect
of IGF-I (Visnapuu et al, 2001; Morales, 1997). The present results further show a
stimulation of GAG synthesis by IGF-I in both the mandibular condyles and the
femoral heads. Other studies have also shown that IGF-I stimulates the production of
proteoglycans in chicken growth plate chondrocytes (Rosselot et al, 1994), in bovine
articular chondrocytes and in ovine growth plate chondrocytes (Sunic et al, 1995). Also
in mandibular condylar cartilage from neonatal rats, IGF-I increased GAG synthesis
(Maor et al, 1993).
Effects of TGF-ß1
In the present study, TGF-ß1 increased the GAG content of the mandibular condyles
and the collagen content of the femoral heads. However, TGF-ß1 did not affect the
cell proliferation of either cartilage. In other investigations, the addition of TGF-ß1 to
cultures of mandibular condyles from mature mice increased DNA and GAG
synthesis (Livne, 1994; Blumenfeld et al, 1997, 2000) whereas a tenfold lower
concentration of TGF-ß1 inhibited DNA and GAG synthesis (Blumenfeld et al, 1997).
These conflicting results on the effects of TGF-ß1 might be due to a variation in the
expression of TGF-ß1 receptors in vitro related to the length of the culture period (van
der Kraan, 1992). In general, TGF-ß1 is considered as a stimulatory factor of
chondrogenesis.
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Effects of FGF-2
In these experiments, FGF-2 decreased both the GAG and collagen contents of the
mandibular condyles, but did not affect that of the femoral heads. However, FGF-2
stimulated cell proliferation and decreased GAG synthesis of both cartilages. The
latter findings corroborate previous studies on ovine fetal growth plate chondrocytes
(Hill and Logan, 1992b), rat rib growth plate chondrocytes (Wroblewski and Edwall-
Arvidsson, 1995) and rat mandibular condyles (Molteni et al, 1999; Fuentes et al, 2002).
Interactions of growth factors
In the present study, 100 ng/ml IGF-I was shown to stimulate the cell proliferation in
mandibular condyles more than 10 ng/ml TGF-ß1 or 100 ng/ml FGF-2. This
concentration of IGF-I was also shown to potentiate the effects of other growth
factors in growth plate chondrocytes (O’Keefe et al, 1994) and was therefore chosen to
analyze the interactions of IGF-I with TGF-ß1 and FGF-2. This study showed that
TGF-ß1 alone did not affect cell proliferation in either cartilage. In contrast, TGF-ß1
reduced the stimulation of proliferation induced by IGF-I. A similar interaction was
observed in ovine fetal growth plate chondrocytes (Hill and Logan, 1992b). On GAG
synthesis, TGF-ß1 alone had a minor stimulatory effect while it also inhibited the
stimulation by IGF-I. Therefore it is concluded that TGF-ß1 acts as an antagonist of
IGF-I in both mandibular condyles and femoral heads.
In contrast with TGF-ß1, FGF-2 did not affect the IGF-I-induced stimulation of
proliferation in either cartilage. However, FGF-2 inhibited the stimulation of GAG
synthesis observed with IGF-I in both mandibular condyles and femoral heads. The
FGF-2 effect was dose-dependent and was stronger in the mandibular condyles than
in the femoral heads. The activity of growth factors can be regulated by exogenous
agents such as binding proteins, and by modification of receptor binding (Canalis et al,
1993). TGF-ß1 and FGF-2 might antagonize IGF-I by stimulation of the production
of IGF-binding proteins or by interaction with co-receptors. It has been reported
earlier that TGF-ß can stimulate the effect of IGF-I in rat articular chondrocytes via
decreased production of IGF-binding proteins or via an effect on the IGF-I receptor
(Tsukazaki et al, 1994). In the present study, the combination of growth factors
resulted in an inhibition of the IGF-I effect.
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Histology
Histological examination revealed that FGF-2 and TGF-ß1 strongly reduced the rate
of hypertrophy in femoral heads and to a lesser extent also in mandibular condyles.
FGF-2 has previously been reported to be an inhibitor of chondrocyte terminal
differentiation and calcification in isolated rabbit and rat growth plate chondrocytes
(Kato and Iwamoto, 1990; Wrobleski and Edwall-Arvidsson, 1995). TGF-ß2 was also
shown to arrest terminal differentiation of isolated chondrocytes in culture (Böhme et
al, 1995). However, the present data show that TGF-ß1 and FGF-2 have no effect on
the dimensional growth of mandibular condyles in culture. In contrast, the growth of
femoral heads was reduced by both TGF-ß1 and FGF-2.
Conclusions
In conclusion, the results show that the metabolism of mandibular condyles was more
sensitive to IGF-I, TGF-ß1 and FGF-2 than that of femoral heads. In spite of this, the
growth of the secondary cartilage of the mandibular condyle was not affected by
TGF-ß1 and FGF-2 while that of primary cartilage of the femoral head strongly
decreased with both growth factors. These findings support the general opinion that
the growth of secondary cartilage of the mandibular condyle is less sensitive to growth
factors than primary cartilage. Functional factors might indeed be more decisive for
the growth of the mandibular condyle.
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Abstract
Primary and secondary cartilages differ in embryonic origin, morphology, and
biochemical composition. It has also been suggested that growth factors differentially
regulate their metabolism and growth. Therefore, the aim of this study was to compare
the effects of transforming growth factor-ß1 (TGF-ß1) on both cartilages in vitro.
Mandibular condyles and femoral heads from 4-day-old rats were cultured for 0, 7 and
14 days with 0 and 10 ng/ml TGF-ß1. The effects of TGF-ß1 on growth, DNA and
glycosaminoglycan (GAG) synthesis, and GAG and collagen contents were analyzed.
In addition, the histological organization, the level of mineralization, and the
localization of cell proliferation and GAG synthesis were compared. TGF-ß1
decreased DNA synthesis of both cartilages but only in femoral heads GAG synthesis
was reduced. The dimensional growth of femoral heads was strongly reduced by TGF-
ß1 whereas that of mandibular condyles was not affected. This was due to a stronger
inhibition of chondrocyte hypertrophy in femoral cartilage. In conclusion, major
differences were found in the effects of TGF-ß1 on the growth and metabolism of
primary cartilage of the femoral head and secondary cartilage of the mandibular
condyle.
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Introduction
Primary and secondary cartilages differ in embryonic development (Beresford, 1981),
histological organization and mode of growth (Copray et al, 1986). In addition, their
extracellular matrices differ in composition (Ishii et al, 1998; Pietila et al, 1999; Delatte
et al, 2004). The growth regulation of these two types of cartilage has often been
investigated. Studies on primary cartilage have shown the crucial role of hormones and
growth factors in its growth and development (Hill and Logan, 1992; Stevens and
Williams, 1999; Ballock and O’Keefe, 2003). However, investigations on secondary
cartilage mainly concerned the effects of functional factors on cartilage growth
(Duterloo and Wolters, 1971; Copray et al, 1984; Kantomaa and Hall, 1988). In more
recent years, experiments have indicated that several growth factors also play an
important role in the regulation of metabolism of the mandibular condyle (Maor et al,
1993; Blumenfeld et al, 2000; Fuentes et al, 2002). The transforming growth factor-ßs
(TGF-ßs) are one family of growth factors that is strongly involved in the regulation
of cartilage metabolism (Grimaud et al, 2002).
TGF-ßs are produced by many different types of cells and affect growth and
differentiation of most cell types (Miyazono et al, 1993). TGF-ßs are synthesized as an
inactive proform due to their binding to a latency-associated peptide (LAP). Activation
of TGF-ßs results from stimuli such as proteolytic activity or extreme pH values
(Grimaud et al, 2002). In mammals, three distinct isoforms of TGF-ß, TGF-ß1,-ß2 and
-ß3 have been described, but the most abundant form is TGF-ß1 (Roberts and Sporn,
1993). TGF-ß1 is expressed within primary cartilage of the growth plate, and seems to
play a role in the regulation of chondrocyte proliferation, matrix protein synthesis, and
terminal differentiation (Hill and Logan, 1992). TGF-ß1 has also been detected in the
mandibular condyle of growing rats, and its localization was shown to depend on the
stage of development (Li et al, 1998). In addition, TGF-ß1, -ß2 and -ß3 have been
found in cartilage of the porcine mandibular condyle throughout postnatal
development (Moroco et al, 1997). Although the in vitro effects of TGF-ßs on
chondrocyte metabolism are variable, numerous studies indicate that they stimulate
cell proliferation and glycosaminoglycan (GAG) production (see review Grimaud et al,
2002).
Some investigations on young rats have suggested that growth factors might
differentially regulate primary and secondary cartilage. Fibroblast growth factor-2
(FGF-2) was detected in all zones of the mandibular condyle while it was shown only
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in the upper layers of epiphyseal cartilage during endochondral ossification (Tajima et
al, 1998). Differences in the distribution of IGF-I receptors were observed between
the mandibular condyle and the epiphyseal growth plate (Visnapuu et al, 2001).
Moreover, IGF-I synthesis was localized in chondrocytes from rib cartilage whereas it
was in the undifferentiated cells of the mandibular condyle of the rat during growth
(Visnapuu et al, 2002). However, to our knowledge, only one investigation had
previously made a direct comparison on the effects of growth factors on these two
types of cartilage (Copray et al, 1988). Recently, two other studies have shown that
certain growth factors induced different effects on the development of primary and
secondary cartilages from newborn rats in culture (Delatte et al, 2004; Delatte et al,
2005). Therefore, the purpose of our study was to compare the regulatory role of
TGF-ß1 on the growth and metabolism of secondary cartilage of the mandibular
condyle and primary cartilage of the femoral head of newborn rats after varying
culture periods.
Material and methods
Rat cartilages
Cartilages from 58 4-day-old Wistar rats (Harlan, Zeist, The Netherlands) were used.
The experiments were approved by the Board for Animal Experiments of the
University Medical Centre Nijmegen. The rats were decapitated and a total of 114
mandibular condyles and 114 proximal femoral heads were dissected under the
stereomicroscope. Throughout this procedure, the tissue was immersed in IMDM
medium (Life Technologies, Breda, the Netherlands) supplemented with 100 U/ml
penicillin and 100 µg/ml streptomycin (Life Technologies). After removing the
adhering soft tissue and muscles, the explants were cut to a length of approximately
1.5 mm. Dissected mandibular condyles contained the cartilaginous tissue of the organ
and a small amount of calcified cartilage. Femoral heads contained the cartilaginous
tissue of the proximal head and a small part of the growth plate.
Tissue culture
The cartilages were placed in a 24-well culture plate (Nunc, Roshilde, Denmark) in 0.5
ml culture medium. The culture medium consisted of IMDM supplemented with
penicillin (100 U/ml) and streptomycin (100 ? g/ml), ascorbic acid (150 ? g/ml)
(Sigma, St Louis, MO, USA), ß-glycerophosphate (5 mM) (Sigma) and 0.1 % bovine
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serum albumin (BSA) (Sigma). The culture medium was changed three times per week.
The organs were cultured at 37°C in a humidified incubator in an atmosphere of 5?
CO? in air.
In the first experiment, 57 mandibular condyles and 57 femoral heads were used
to determine the effects of recombinant human transforming growth factor-beta 1
(TGF-ß1) (Life Technologies) on GAG synthesis and GAG and hydroxyproline (hyp)
contents of the cartilages. Three groups of 20 cartilages (10 mandibular condyles and
10 femoral heads) were cultured with 10 ng/ml TGF-ß1 and labeled respectively at day
0, day 7, and day 14, with 10 µCi [35S]sulfate/ml (Amersham, Little Chalfont, UK) for
17 h, prior to harvesting. Three groups of 18 cartilages (9 mandibular condyles and 9
femoral heads) cultured without growth factor served as control groups. At harvest,
six or seven explants of each cartilage type were collected for biochemical analyses and
three for histology and autoradiography. The size of the cartilages cultured for 14 days
was monitored during culture to determine the effect of TGF-ß1 on growth.
In the second experiment, 57 mandibular condyles and 57 femoral heads were
used to evaluate the effect of TGF-ß1 on DNA synthesis and GAG and hyp contents
of the cartilages after 0, 7 and 14 days. The second experiment was identical to the
first except that the radiolabeled precursor was 5 µCi [methyl-3H]thymidine/ml
(Amersham, Little Chalfont, UK).
Histology and autoradiography
The cartilages were fixed in 4 ?  neutral formaldehyde solution, dehydrated and
subsequently embedded in paraffin. Serial sections of 7 µm were cut in the sagittal
plane for the condyles and along the long axis for the femoral heads. Central sections
were stained with hematoxylin and eosin and the von Kossa method.
To visualize GAG synthesis or cell proliferation, autoradiography was performed
on sections of explants labeled either with [35S]sulfate or with [methyl-3H]thymidine.
In short, sections were coated with Ilford Nuclear Emulsion K5 (Ilford Scientific
Product, Mobberley, England), stored at 4°C, developed, and stained with
hematoxylin and eosin.
Growth measurements
In both experiments, repeated standardized pictures were made of the cartilages that
were cultured for 14 days, to monitor growth. This was done at the start of the
experiment and two times per week. Diapositives were projected on a graphical tablet
Growth regulation by TGF-ß1
143
(Numonics Corporation, Montgomeryville, PA, USA) producing a magnification of
200 times. The outer contours of the cartilages were drawn with a pointer. The
calibrated surface areas of the cartilages were calculated using Sigmascan image
analysis software (Jandel Scientific, San Rafael, CA, USA). The ex vivo surface area of
each cartilage was subtracted from the subsequent measurements to obtain net
increase in size per cartilage. This procedure excluded the variation caused by different
amounts of non-growing calcified cartilage present in the cartilages.
Biochemical analyses
The synthesis of GAGs was determined from the incorporation of [35S]sulfate into the
tissue while the DNA synthesis was determined from the incorporation of [methyl-
3H]thymidine. After labeling, the cartilages were washed three times with phosphate-
buffered-saline (PBS), and digested overnight at 60°C with 550 ? l of 1 mg/ml papain
(Merck, Darmstadt, Germany) in 0.2 M NaCl, 0.1 M NaAc, 0.01 M L-cysteine HCl
and 0.05 M EDTA, pH 6. Finally, aliquots of the digests and the labelmedia were
diluted in scintillation fluid Aqua Luma (Lumac-LSC, Groningen, The Netherlands)
and counted in a liquid scintillation counter (LKB-Wallac, Turku, Finland). The rate of
synthesis was determined as total incorporation per cartilage to exclude variations due
to varying amounts of calcified cartilage in the organs. GAG and DNA synthesis were
expressed as percentages of day 0 to allow comparison between mandibular condyles
and femoral heads.
Furthermore, aliquots of the digests were analyzed for total sulfated GAGs with
a spectrophotometric assay using dimethylmethylene blue (Farndale et al, 1986). The
hyp content was determined after alkaline hydrolysis and used as a measure for the
amount of collagen (Huszar et al, 1980). The hyp and GAG contents were expressed
as percentages of day 0.
Statistics
The data were expressed as means ± standard deviation (SD). For the biochemical
parameters, differences between the control group and the experimental group and
between both types of cartilage were tested by two-way ANOVA. In cases of
significant differences, Tukey’s multiple comparisons test was used for further
exploration. For the growth analyses, differences in the total increase in size at the end
of culture were tested by one-way ANOVA. A p-value of less than 0.05 was
considered statistically significant.
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Results
Histology
Ex vivo, the mandibular condyles of 4-day-old rats consisted of a thin superficial
fibrous layer, a thin chondroprogenitor layer, a wider layer of differentiated
chondrocytes and a large zone of hypertrophied chondrocytes in the lower half of the
organ (figure 1A). The von Kossa staining indicated some mineralization in the
hypertrophied layer. After 14 days in culture without TGF-ß1, the mandibular condyles
had grown and hypertrophied chondrocytes were present in almost the entire organ
(figure 1B). The fibrous, chondroprogenitor and chondrocyte zones had fused to one
thin superficial layer. Mineralization had extended locally to the upper part of the
mandibular condyles. During culture with TGF-ß1, the hypertrophied layer increased
less and less mineralization had occurred than in the controls (figure 1C).
Ex vivo, the femoral heads of 4-day-old rats consisted mainly of differentiated
chondrocytes (figure 1D). Some chondrocyte hypertrophy occurred at the growth
plate side of the organ and little mineralization was sometimes found. After 14 days,
the control femoral heads had grown, and the hypertrophied layer had greatly
increased (figure 1E). Some mineralization was observed in the hypertrophied and
degenerative zones. During culture with TGF-ß1, the femoral heads had grown less
than the controls and the zone of hypertrophy was strongly reduced (figure 1F). Only
a few layers of hypertrophied chondrocytes were present above the degenerative zone
and almost no mineralization had occurred.
Autoradiography
Autoradiography of mandibular condyles ex vivo showed that DNA synthesis occurred
only in the superficial layers (figure 2A). After 14 days in culture, the labeling intensity
had decreased but the localization of DNA synthesis in control mandibular condyles
had not changed (figure 2B). However, in organs cultured with TGF-ß1, some DNA
synthesis was also observed in the deeper layers (figure 2C). In femoral heads ex vivo,
DNA synthesis was observed in all of the non-hypertrophied cartilage, especially in
the neck of the organ (figure 2D). After 14 days, the controls showed much more
DNA synthesis (figure 2E) than the femoral heads cultured with TGF-ß1 (figure 2F).
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Figure 1. Central sections of mandibular condyles (A,B,C) and femoral heads (D,E,F) of 4-day-old rats
stained with the von Kossa method (bar is 280 µm). Ex vivo, the mandibular condyle shows varying
layers and some mineralization (A). After 14 days of culture, almost the entire mandibular condyle
control consists of hypertrophied chondrocytes and mineralization had extended (B). After 14 days
with TGF-ß1, there is less hypertrophy and mineralization (C). Ex vivo, the femoral head consists
mainly of differentiated chondrocytes (D). After 14 days, the hypertrophied layer in the femoral head
control has much increased and the degree of mineralization is higher (E). With TGF-ß1, the
hypertrophied layer is strongly reduced and there is almost no mineralization (F).
Figure 2. Autoradiography of mandibular condyles (A,B,C) and femoral heads (D,E,F) of 4-day-old
rats (bar is 280 µm). In the mandibular condyle ex vivo, [3H]-thymidine incorporation occurs only in
the superficial layers (A). After 14 days, the labeling intensity has decreased (B). With TGF-ß1, some
labeling was also observed in the deeper layers of the mandibular condyle (C). Ex vivo, [3H]-thymidine
incorporation takes place in all of the non-hypertrophied femoral head (D). After 14 days, the control
shows much more [3H]-thymidine incorporation (E) than the femoral head cultured with TGF-ß1 (F).
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In the mandibular condyles, TGF-ß1 seemed to increase GAG synthesis specifically in
a narrow band above the degenerative zone (not shown). For the femoral heads, no
major differences were observed in the localization of GAG synthesis between
controls and treated organs.
Growth measurements
The growth of mandibular condyles and femoral heads was measured during two
weeks of culture with 0 and 10 ng/ml TGF-ß1 (figure 3). The increase in surface area
of the mandibular condyles in the control group was 1.3 ± 0.3 mm2 (figure 3A). With
TGF-ß1, the total increase in size was 1.2 ± 0.3 mm2 which was not significantly
different from the controls. The femoral heads in control cultures showed an increase
in size of 2.6 ± 0.3 mm2, while with TGF-ß1 the total increase in size was significantly
lower; 1.3 ± 0.3 mm2 (p<0.05) (figure 3B).
Figure 3. Growth of mandibular condyles (A)
and femoral heads (B) of 4-day-old rats
cultured with 0 and 10 ng/ml TGF-ß1. Each
group contained at least 18 explants. Values
are expressed as means ± SD. (*) Denotes a
significant difference (p < 0.05) between the
groups (one-way ANOVA followed by the
Tukey’s test).
DNA and GAG synthesis
The DNA and GAG synthesis of mandibular condyles and femoral heads was
analyzed after 0, 7, and 14 days in culture with 0 and 10 ng/ml TGF-ß1 (figure 4). Ex
vivo, the incorporation of [3H]thymidine in mandibular condyles was 2.2 ± 0.1 × 105
cpm per explant (= 100%) while that of femoral heads was 6.7 ± 0.9 × 105 cpm per
explant (= 100%, figure 4A). The DNA synthesis of the control mandibular condyles
increased to 153% and 162% of day 0 after 7 and 14 days respectively. With TGF-ß1,
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the DNA synthesis was 113% and 89% of day 0, which was significantly lower than
the controls at day 7 and day 14 (p<0,05). In control femoral heads, the DNA
synthesis was 127% and 121% of day 0 after 7 and 14 days respectively. With TGF-ß1,
DNA synthesis was only 79% and 36% of day 0, which was a significant decrease
compared to the respective controls (p<0.05). No significant differences were
observed between the two types of cartilage.
Ex vivo, the incorporation of [35S]-sulfate in mandibular condylar cartilage was
11.1 ± 1.1 × 104 cpm per explant (=100%) while that of femoral cartilage was 31.7 ±
5.3 × 104 cpm per explant (=100%, figure 4B). There was no significant difference in
GAG synthesis between mandibular condyles with 0 or 10 ng/ml TGF-ß1 after 7 and
14 days. Without TGF-ß1, the GAG synthesis of femoral heads increased to 155% and
150% of day 0 after 7 and 14 d respectively. With TGF-ß1, the GAG synthesis was
106% and 77% of day 0, which was significantly lower than the controls at day 7 and
day 14 (p<0,05). A significant difference between the two types of cartilage was
observed at day 7 only in the controls and at day 14 in both the controls and the TGF-
ß1 groups (p<0.05).
Figure 4. The effects of TGF-ß1 on DNA
synthesis (A) and glycosaminoglycan (GAG)
synthesis (B) of mandibular condyles (M) and
femoral heads (F) of 4-day-old rats. DNA and
GAG synthesis were analyzed after 0, 7 and
14 days in culture. Data represent the mean ±
SD of 6 or 7 explants. The results are
expressed as percentages of day 0. (*)
Denotes a significant difference (p < 0.05)
between the control and the TGF-ß1 group.
(d) Denotes a significant difference between
mandibular condyles and femoral heads at the
same day (two-way ANOVA followed by the
Tukey’s test).
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Hyp and GAG contents
The hyp and GAG contents of mandibular condyles and femoral heads were
determined after 0, 7, and 14 days in culture with 0 and 10 ng/ml TGF-ß1 (figure 5).
Ex vivo, the hyp content of the mandibular condyles was 4.53 ± 1.09 µg/cartilage
(=100%) while that of the femoral heads was 9.53 ± 2.18 µg/cartilage (=100%, figure
5A). In control cultures, the hyp content of the mandibular condyles increased to
243% and that of the femoral heads to 230% in 14 days. No significant differences
were observed after culture with TGF-ß1 or between the two cartilages.
Ex vivo, the GAG content of the mandibular condyles was 20.6 ± 2.5
µg/cartilage (=100%) while that of the femoral heads was 137.2 ± 17.6 µg/cartilage
(=100%, figure 5B). In control cultures, the GAG content of the mandibular condyles
increased to 220% and 311% at day 7 and day 14 respectively. With TGF-ß1, the GAG
content was 169% and 189% of day 0 and was significantly lower than the respective
controls (p<0,05). There was no significant difference between femoral heads cultured
with 0 or 10 ng/ml TGF-ß1. A significant difference between the two types of
cartilage was observed in the control groups at day 7 and day 14 (p<0.05).
Figure 5. The effects of TGF-ß1 on the
hydroxyproline (hyp) content (A) and the
glycosaminoglycan (GAG) content (B) of
mandibular condyles (M) and femoral heads
(F) of 4-day-old rats. The contents were
analyzed after 0, 7 and 14 days in culture.
Data represent the mean ± SD of at least 12
explants. The results are expressed as
percentages of day 0.
(*) Denotes a significant difference (p < 0.05)
between the control and the TGF-ß1 group.
(d) Denotes a significant difference between
mandibular condyles and femoral heads at the
same day (two-way ANOVA followed by the
Tukey’s test).
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Discussion
The aim of our study was to compare the effects of TGF-ß1 on the growth and
metabolism of neonatal mandibular condyles and femoral heads in vitro. Histological
evaluation showed that TGF-ß1 reduced the rate of hypertrophy and mineralization in
both types of cartilage. However, the effect was much stronger in femoral cartilage as
almost no hypertrophy occurred in the femoral heads cultured with TGF-ß1. It was
recently found that TGF-ß1 induces inhibition of the terminal differentiation of
chondrocytes from chick embryo sternum and that this effect is mediated by the
intracellular mediators Smad2 and Smad3 (Ferguson et al, 2000). Also, injections of
TGF-ß1 into the knee joint of growing rats decreased the size and number of
hypertrophied chondrocytes in the articular cartilage (Hulth et al, 1996). Moreover, the
repression of chondrocyte hypertrophy by the Smad3-mediated TGF-ß signal was
shown to be essential for maintaining articular cartilage in mice knee joint (Yang et al,
2001). Our morphometric analyses further showed that TGF-ß1 had no effect on the
growth of mandibular condyles. In contrast, the growth of femoral heads was strongly
reduced. It appears, therefore, that TGF-ß1 induces a stronger inhibition of
hypertrophy in femoral cartilage, which may be mediated by Smad proteins.
Autoradiography showed a different mode of growth of both cartilages. DNA
synthesis occurred only in the superficial layers of the mandibular condyle whereas it
was found in the entire femoral head. As also described by others, mandibular
condyles grow by appositional cell division mainly in the chondroprogenitor layer
(Copray et al, 1986; Durkin et al, 1973; Visnapuu et al, 2000). Instead, femoral heads
grow by interstitial cell division in the entire organ (Copray et al, 1986; Durkin et al,
1973). In our cultures, TGF-ß1 induced some proliferation also in the deeper layers of
the mandibular condyles. Interestingly, also in degenerative joint diseases,
chondrocytes that are normally non-dividing seem to be induced to proliferate by local
growth factors such as TGF-ß1 (Grimaud et al, 2002). In the femoral heads, this
phenomenon was not observed but the level of proliferation was reduced by TGF-ß1.
Therefore, chondrocytes in the secondary cartilage of the mandibular condyle, in this
respect, seem to respond similarly to TGF-ß1 as those in degenerative cartilage.
The ex vivo DNA and GAG synthesis rates of the femoral heads were much
higher than that of the mandibular condyles. This is probably due to the larger
proportion of proliferating chondrocytes in femoral cartilage, and the larger number
of mature chondrocytes. In the present investigation, TGF-ß1 decreased the rate of
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cell proliferation of both cartilages while it decreased GAG synthesis only in femoral
heads. In intact articular cartilage from adult cows, GAG synthesis was also decreased
by TGF-ß1 (Von den Hoff et al, 1994). Although TGF-ß1 is often considered as a
stimulatory factor of chondrogenesis, many studies report conflicting results on the in
vitro effects of TGF-ß1 (Grimaud et al, 2002). The addition of TGF-ß1 to cultures of
mandibular condyles from aged mice increased DNA and GAG synthesis (Blumenfeld
et al, 2000; Livne, 1994; Blumenfeld et al, 1997) while at lower concentrations it
reduced both processes (Blumenfeld et al, 1997). In addition, osteoarthritic cartilage
appears to be more sensitive to TGF-ßs than normal cartilage (Van den Berg et al,
2001). It is suggested that TGF-ßs  transform normal chondrocytes to sensitive cells by
modulation of TGF-ß receptor expression or signaling (Van den Berg et al, 2001). In
our cultures, the effects of TGF-ß1 on cell proliferation and GAG synthesis were
mostly stronger after culture for two weeks. Therefore, the effect of TGF-ß1 in vitro
probably depends on a large number of experimental conditions.
In conclusion, our observations show that TGF-ß1 has major effects on the
metabolism of both primary cartilage of the femoral head and secondary cartilage of
the mandibular condyle. However, the dimensional growth of the femoral head was
strongly reduced by TGF-ß1 whereas that of the mandibular condyle was not affected.
Also, the inhibitory effect of TGF-ß1 on chondrocyte maturation was larger in femoral
cartilage. This suggests that the terminal differentiation of primary cartilage and
subsequent growth may depend more on growth factors such as TGF-ß1 than that of
secondary cartilage. The regulation of growth and development therefore appear to be
different in primary and secondary cartilages, which is probably related to their specific
origin, structure and function.
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Abstract
The secondary cartilage of the mandibular condyle is considered to be adaptive to
functional factors. In the last decades, growth factors have also been shown to be
potent regulators of cartilage metabolism. Moreover, it has been suggested that growth
factors may differentially regulate the growth of primary and secondary cartilages.
However, only a few studies have made a direct comparison of the effects of growth
factors on both cartilages. Therefore, the aim here was to compare the effects of FGF-
2 on secondary cartilage of the mandibular condyle and primary cartilage of the
femoral head from four-day-old rats in vitro. Cartilages were cultured for 1, 7 and 14
days with 0 and 100 ng/mL FGF-2. We evaluated the effects of FGF-2 on growth,
tissue organization, DNA and glycosaminoglycan (GAG) synthesis and GAG and
collagen content. With FGF-2, the morphology of the mandibular condyles changed
and the GAG and collagen contents were reduced. However, the growth of the
mandibular condyles was not affected. On the contrary, the growth of the femoral
heads was strongly reduced due to an inhibition of chondrocyte hypertrophy. In both
cartilages, FGF-2 stimulated DNA synthesis in short-term cultures and reduced it in
long-term cultures. In conclusion, FGF-2 had a larger effect on the metabolism of the
mandibular condyles as compared to the femoral heads. However, the growth of the
femoral heads was strongly reduced while that of the mandibular condyles was not
affected.
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Introduction
The growth regulation of the secondary cartilage of the mandibular condyle is far from
completely understood. It was previously suggested that growth of the mandibular
condyle is adaptive to functional factors (Copray et al, 1985;Copray et al, 1986;
Rönning and Peltomäki, 1991). Until about ten years ago, knowledge on the role of
growth factors in the regulation of the mandibular condyle was very limited. Much
more was already known about their role in primary cartilage.
Primary cartilages are part of the primary cartilaginous skeleton while secondary
cartilages appear later in the embryonic development and are independent of the
chondroskeleton (Beresford, 1981). They further differ in cellular organization, mode
of growth (Copray et al, 1986), and composition of the extracellular matrix (Roth et al,
1997; Pietilä et al, 1999; Visnapuu et al, 2000). Studies on primary cartilage of the
growth plate have shown a role of growth factors in the regulation of chondrocyte
proliferation, matrix production and terminal differentiation (Hill and Logan, 1992;
Linkhart et al, 1996). Other signaling molecules such as parathyroid hormone-related
peptide and Indian hedgehog also seem to be important in cartilage differentiation
(Vortkamp et al, 1996). Insulin-like growth factor-I (IGF-I), fibroblast growth factor-2
(FGF-2), the transforming growth factor-ß (TGF-ß) superfamily of growth factors,
and platelet-derived growth factor (PDGF) are all potent regulators of cartilage
growth. IGF-I, TGF-ßs and FGF-2 have also been detected in the rat mandibular
condyle (Li et al, 1998; Ogawa et al,2003). Furthermore, these growth factors have been
shown to affect the metabolism of the mandibular condyle in vitro. FGF-2 was shown
to decrease glycosaminoglycan (GAG) and collagen synthesis in the mandibular
condyles of neonatal rats (Molteni et al, 1999), while TGF-ß1 enhanced the GAG and
DNA synthesis in aged mice mandibular condyles (Livne et al,1997; Blumenfeld et al,
2000). Recently, it was shown that FGF-2 inhibits chondrogenesis in the mandibular
condyle in vitro (Ogawa et al, 2003). Differences in the distribution of IGF-I receptors,
in IGF-I synthesis, and in the localization of FGF-2 have been reported between
primary cartilages and the secondary cartilage of the mandibular condyle (Visnapuu et
al, 2001; Visnapuu et al, 2002; Tajima et al, 1998). Therefore, it was suggested that
growth factors may differentially regulate the growth of primary and secondary
cartilages.
FGF-2 is a potent modulator of proliferation and differentiation in a wide variety
of cell types (Gospodarowicz et al, 1987). Also in cartilage, FGF-2 is known to be
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involved in the regulation of growth and differentiation (Kato, 1992; Leunig et al,
1997). In the growth plate, FGF-2 is localized in chondrocytes from the proliferative
and upper hypertrophied zones in the chick, the rat and the mouse (Funakoshi et
al,1993; Jingushi et al, 1995; Wezeman and Bollnow 1997) and also in the
hypertrophied and calcifying zones in the chick (Twal et al, 1994). FGF-2 was
therefore suggested to be a chondrocyte mitogen and an angiogenic factor during
endochondral ossification (Twal et al, 1994).
Only a few studies describe a direct comparison of the effects of certain growth
factors on the primary and secondary cartilages, and indicated that both cartilages are
differentially affected (Copray et al, 1988; Delatte et al, 2004). Therefore, the aim of our
study was to analyze the regulatory role of FGF-2 on growth and metabolism of the
mandibular condyle as compared to the femoral head of newborn rats.
Materials and methods
Cartilages
Cartilages from 55 four-day-old Wistar rats (Harlan, Zeist, The Netherlands) were
used. The experiments were approved by the Board for Animal Experiments of the
University Medical Centre Nijmegen. The rats were decapitated and a total of 108
mandibular condyles and 108 proximal femoral heads were dissected under the
stereomicroscope. The tissue was continuously immersed in IMDM medium (Life
Technologies, Breda, the Netherlands) supplemented with 100 U/mL penicillin and
100 µg/mL streptomycin (Life Technologies). The adhering soft tissue and muscles
were removed, and the explants were cut to a length of approximately 1.5 mm.
Dissected mandibular condyles contained the cartilaginous tissue of the organ and a
small amount of calcified cartilage. Femoral heads contained the proximal epiphysis
and a small part of the growth plate.
Tissue culture
The cartilages were placed in a 24-well culture plate (Nunc, Roshilde, Denmark) in 0.5
mL culture medium. The culture medium consisted of IMDM supplemented with
penicillin (100 U/mL) and streptomycin (100 ? g/mL), ascorbic acid (150 ? g/mL)
(Sigma, St Louis, MO, USA), ß-glycerophosphate (5 mM) (Sigma) and 0.1% bovine
serum albumin (BSA) (Sigma). The culture medium was changed three times per week.
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The cartilages were cultured at 37°C in a humidified incubator in an atmosphere of
5% CO? in air.
In the first experiment, 54 mandibular condyles and 54 femoral heads were used
to determine the effect of recombinant human basic fibroblast growth factor (FGF-2)
(Life Technologies) on glycosaminoglycan (GAG) synthesis and GAG and
hydroxyproline (Hyp) contents of the cartilages. Three groups of 18 cartilages (9
mandibular condyles and 9 femoral heads) were cultured with 100 ng/mL FGF-2 and
labeled respectively at day 0, day 6, and day 13, with 10 µCi [35S]sulfate/mL
(Amersham, Little Chalfont, UK) for 17 h, prior to harvesting. Three groups of 18
cartilages (9 mandibular condyles and 9 femoral heads) cultured without growth factor
served as control groups. At harvest, six explants of each cartilage type were collected
for biochemical analyses and three for histology and autoradiography. The size of the
cartilages cultured for 14 days was monitored to determine the effect of FGF-2 on
growth.
In the second experiment, 54 mandibular condyles and 54 femoral heads were
used to evaluate the effect of FGF-2 on DNA synthesis and GAG and Hyp contents
of the cartilages after 1, 7 and 14 days. The second experiment was identical to the
first except that the radiolabeled precursor was 5 µCi [methyl-3H]thymidine/mL
(Amersham, Little Chalfont, UK).
Histology and autoradiography
The cartilages were fixed in 4?  neutral formaldehyde solution, dehydrated and
subsequently embedded in paraffin. Serial sections of 7 µm were cut in the sagittal
plane for the condyles and along the long axis for the femoral heads. Central sections
were stained with hematoxylin and eosin and the von Kossa method.
To visualize GAG synthesis or cell proliferation, autoradiography was performed on
sections of explants labeled either with [35S]sulfate or with [methyl-3H]thymidine. In
short, sections were coated with Ilford Nuclear Emulsion K5 (Ilford Scientific
Product, Mobberley, England), stored at 4°C, developed, and stained with
hematoxylin and eosin.
Growth measurements
In both experiments, repeated standardized pictures were made of the cartilages that
were cultured for 14 days, to monitor growth. This was done at the start of the
experiment and two times per week. Diapositives were projected on a graphical tablet
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(Numonics Corporation, Montgomeryville, PA, USA) producing a magnification of
200 times. The outer contours of the cartilages were drawn with a pointer. The
calibrated surface areas of the cartilages were calculated using Sigmascan image
analysis software (Jandel Scientific, San Rafael, CA, USA). The ex-vivo surface area of
each cartilage was subtracted from the subsequent measurements to obtain net
increase in size per cartilage. This procedure excluded the variation caused by different
amounts of non-growing calcified cartilage present in the cartilages.
Biochemical analyses
The synthesis of GAGs was determined from the incorporation of [35S]sulfate into the
tissue while the DNA synthesis was determined from the incorporation of [methyl-
3H]thymidine. After labeling, the cartilages were washed three times with phosphate-
buffered-saline (PBS), and digested overnight at 60°C with 550 ? l of 1 mg/mL papain
(Merck, Darmstadt, Germany) in 0.2 M NaCl, 0.1 M NaAc, 0.01 M L-cysteine HCl
and 0.05 M EDTA, pH 6. Finally, aliquots of the digests and the labelmedia were
diluted in scintillation fluid Aqua Luma (Lumac-LSC, Groningen, The Netherlands)
and counted in a liquid scintillation counter (LKB-Wallac, Turku, Finland). The rate of
synthesis was determined as total incorporation per cartilage to exclude variations due
to varying amounts of calcified cartilage in the organs. GAG and DNA synthesis were
expressed as percentages of the control (without growth factor) to allow comparison
between mandibular condyles and femoral heads.
Furthermore, aliquots of the digests were analyzed for total sulfated GAGs with
a spectrophotometric assay using dimethylmethylene blue (Farndale et al, 1986). The
Hyp content was determined after alkaline hydrolysis and used as a measure for the
amount of collagen (Huszar et al, 1980). The Hyp and GAG contents were expressed
as percentages of the control.
Statistics
The data were expressed as means ± standard deviation (SD). For the biochemical
parameters, differences between the control group and the experimental group and
between both types of cartilage were tested by two-way ANOVA. In cases of
significant differences, Tukey’s multiple comparisons test was used for further
exploration. For the growth analyses, differences in the total increase in size at the end
of culture were tested by one-way ANOVA. A P-value of less than 0.05 was
considered statistically significant.
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Results
Histology
At day 1, the mandibular condyles of four-day-old rats showed a thin fibrous layer, a
chondroprogenitor and chondroblast layer and a wider layer of differentiated
chondrocytes while a broad zone of hypertrophied chondrocytes occupied the lower
half of the organ (Figure 1A). After 14 days in culture, the control mandibular
condyles had grown and almost the entire organ was occupied by hypertrophied
chondrocytes (Figure 1B). Only a thin combined fibrous, chondroprogenitor and
chondrocyte layer remained. During culture with FGF-2, the fibrous layer had become
thicker and a superficial layer containing a lot of small chondroblasts and
chondrocytes in few matrix was present (Figure 1C). The zone of hypertrophy had
increased less than in the controls and showed a clear transition to the degenerative
zone.
At day 1, the femoral heads of four-day-old rats consisted mainly of
differentiated chondrocytes in an abundant matrix (Figure 1D). Some chondrocyte
hypertrophy was present at the growth plate side of the organ. After 14 days in culture
without growth factor the femoral heads had grown, and the hypertrophied layer had
greatly increased (Figure 1E). During culture with FGF-2, the femoral heads had
grown less than the controls (Figure 1F). The zone of hypertrophy was reduced to a
few layers before a well-distinct degenerative zone. The entire organ contained a lot of
small chondrocytes.
In the mandibular condyle at day 1, the von Kossa staining indicated some
mineralization in the hypertrophied layer (Figure 2A). After 14 days, mineralization
had extended locally into the upper part of the control mandibular condyles (Figure
2B). With FGF-2, mineralization also occurred but was restricted to the lower part of
the organ (Figure 2C). In the control femoral heads, little mineralization was found at
day 1 (Figure 2D). After 14 days in culture without growth factor, some mineralization
was observed in the hypertrophied zone (Figure 2E). With FGF-2, some
mineralization had occurred in the degenerative zone (Figure 2F).
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Figure 1. Mandibular condyles (A,B,C) and femoral heads (D,E,F) of four-day-old rats (H&E,
bar is 280 µm). At day 1, the mandibular condyle showed clear layers (A). After 14 days in
culture, almost the entire mandibular condyle control consisted of hypertrophied
chondrocytes (B). After 14 days with FGF-2, the superficial layers were thicker and
hypertrophy was reduced compared to the controls (C). Numerous newly-formed
chondroblasts and chondrocytes were present. At day 1, the femoral head consisted mainly of
differentiated chondrocytes (D). After 14 days, the hypertrophied layer had increased in the
controls (E) while with FGF-2, hypertrophy was much reduced (F).
Figure 2. Mandibular condyles (A,B,C) and femoral heads (D,E,F) of four-day-old rats (von
Kossa staining, bar is 280 µm). At day 1, both cartilages showed some mineralization (A,D).
After 14 days of culture, mineralization had increased considerably in the control mandibular
condyles (B) while in the treated ones it was restricted to the lower part of the organ (C). In
the control femoral heads,  mineralization was present in the hypertrophied layer (E) while
with FGF-2, some mineralization occurred in the degenerative zone (F).
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Autoradiography
Autoradiography of mandibular condyles showed that DNA synthesis occurred only
in the most superficial layers (Figure 3a.A-F). At day 1, the labeling intensity was lower
in the controls (Figure 3a.A) than in cartilages cultured with FGF-2 (Figure 3a.B).
After 7 days in control cultures, the labeling was restricted to a thin superficial layer
(Figure 3a.C) while it was still present in the fibrous, prechondroblast and
chondroblast layers that formed a much thicker layer in condyles cultured with FGF-2
(Figure 3a.D). After 14 days in culture, the intensity was lower and quite similar in
control and treated mandibular condyles (Figure 3a.E,F).
Figure 3.a. Autoradiography of mandibular
condyles of four-day-old rats (bar is 300 µm).
At day 1, [3H]-thymidine incorporation was
lower in the controls (A) than in cultures with
FGF-2 (B). After 7 days, the labeling intensity
of the controls (C) occurred in a reduced
zone compared to treated mandibular
condyles (D). After 14 days, controls (E) and
treated cultures (F) showed a similar intensity.
In femoral heads at day 1, DNA synthesis was observed in all of the non-
hypertrophied cartilage (Figure 3b.G). With FGF-2, the labeling intensity seemed
higher than in the controls (Figure 3b.H). After 7 days, the localization of the label had
not changed in the control femoral heads (Figure 3b.I) whereas it was focally
concentrated in cultures with FGF-2 (Figure 3b.J). After 14 days, the labeling intensity
was higher in the controls (Figure 3b.K) than in cartilages cultured with FGF-2 (Figure
3b.L). In cultures with FGF-2 the label distribution was still less uniform.
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Figure 3.b. Autoradiography of femoral heads
of four-day-old rats (bar is 300 µm). [3H]-
thymidine incorporation at day 1 was
observed in all of the non-hypertrophied
cartilage and seemed lower in the controls
(G) than with FGF-2 (H). After 7 days, the
labeling was dispersed throughout the
controls (I) whereas its localization was less
uniform with FGF-2 (J). After 14 days, the
labeling intensity was higher in the controls
(K) than in cultures with FGF-2 (L).
Growth measurements
The growth of mandibular condyles and femoral heads was measured during two
weeks of culture with 0 and 100 ng/mL FGF-2 (Figure 4). The mandibular condyles
in the control group showed a total growth of 1.7 ± 0.5 mm2 while with FGF-2, the
total growth was 1.6 ± 0.5 mm2 which was not significantly different (Figure 4A). In
control femoral heads, the total growth was 3.4 ± 0.4 mm2 but, with FGF-2, it was
only 1.4 ± 0.3 mm2 which was significantly lower (P<0.05) (Figure 4B).
Figure 4. Growth of mandibular condyles (A)
and femoral heads (B) of four-day-old rats
cultured with 0 and 100 ng/mL FGF-2. Each
group contained 18 explants. Values are
expressed as means ± SD. (*) Denotes a
significant difference (P< 0.05) between the
groups (one-way ANOVA followed by the
Tukey’s test).
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DNA and GAG synthesis
The DNA and GAG synthesis rates of mandibular condyles and femoral heads were
analyzed after 1, 7, and 14 days in culture with 0 and 100 ng/mL FGF-2 (Figure 5). At
day 1, the incorporation of [3H]thymidine in the control mandibular condyles was 2.2
± 0.1 × 105 cpm per explant (= 100%, control day 1) while that of the control femoral
heads was 6.8 ± 0.9 × 105 cpm per explant (= 100%, control day 1, Figure 5A). After
14 days, the incorporation in the control mandibular condyles was 3.8 ± 0.6 × 105
cpm per explant (= 100%, control day 14) and that of the control femoral heads was
8.2 ± 0.5 × 105 cpm per explant (= 100%, control day 14). With FGF-2, the DNA
synthesis of the mandibular condyles significantly increased to 141% of the control at
day 1 (P<0,05), while it significantly decreased to 73% of the control at day 14
(P<0,05). In the femoral heads cultured with FGF-2, the DNA synthesis also
significantly increased to 138% of the control at day 1, whereas it significantly
decreased to 46% of the control at day 14 (P<0,05). At this time, the decrease in DNA
synthesis with FGF-2 was significantly stronger in the femoral heads than in the
mandibular condyles (P<0,05).
Figure 5. The effects of FGF-2 on DNA
synthesis (A) and glycosaminoglycan (GAG)
synthesis (B) of mandibular condyles (M) and
femoral heads (F) of four-day-old rats. DNA
and GAG synthesis were analyzed after 1, 7
and 14 days in culture. Data represent the
mean ± SD of 6 explants. The results are
expressed as percentages of control at day 1,
7 and 14. (*) Denotes a significant difference
(P< 0.05) between the control and the FGF-2
group. (d) Denotes a significant difference in
effect of FGF-2 on mandibular condyles and
femoral heads at the same day (two-way
ANOVA followed by the Tukey’s test).
In control cultures at day 1, the incorporation of [35S]sulfate was 1.1 ± 0.1 × 105
cpm per mandibular condyle (=100%, day 1) while it was 3.2 ± 0.5 × 105 cpm per
femoral head (=100%, day 1, Figure 5B). With FGF-2, GAG synthesis of the
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mandibular condyles significantly decreased to 75% and 73% of the respective
controls at day 1 and 14 (p<0,05). GAG synthesis of the femoral heads was not
affected by FGF-2 at any time during culture. A significant difference between
mandibular condyles and femoral heads was observed in the FGF-2 groups at day 1, 7,
and 14 (p<0,05).
Hyp and GAG content
The Hyp and GAG contents of mandibular condyles and femoral heads were
determined after 1, 7, and 14 days in culture with 0 and 100 ng/mL FGF-2 (Figure 6).
In control cultures at day 1, the Hyp content of the mandibular condyles was 4.5 ± 1.1
µg/cartilage (=100%, day 1) while that of the femoral heads was 9.5 ± 2.3 µg/cartilage
(=100%, day 1, Figure 6A). At day 14, the Hyp content was 10.8 ± 1.2 µg/cartilage in
control mandibular condyles (=100%, day 14) and 21.5 ± 1.5 µg/cartilage in control
femoral heads (=100%, day 14). In cultures with FGF-2, no differences were observed
at day 1 and 7. At day 14, the Hyp content of the mandibular condyles had decreased
to 60% of the respective control and that of femoral heads to 78% of the control
(P<0,05). At this time, FGF-2 had decreased the Hyp content of the mandibular
condyles significantly more than that of the femoral heads (P<0,05).
Figure 6. The effects of FGF-2 on the
hydroxyproline (Hyp) content (A) and the
glycosaminoglycan (GAG) content (B) of
mandibular condyles (M) and femoral heads
(F) of four-day-old rats. The contents were
analyzed after 1, 7 and 14 days in culture.
Data represent the mean ± SD of 12
explants. The results are expressed as
percentages of control at day 1, 7 and 14.
(*) Denotes a significant difference (P< 0.05)
between the control and the FGF-2 group.
(d) Denotes a significant difference in effect
of FGF-2 on mandibular condyles and
femoral heads at the same day (two-way
ANOVA followed by the Tukey’s test)
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In the controls at day 1, the GAG content was 21 ± 2 µg/mandibular condyle
(=100%, day 1) while it was 137 ± 18 µg/femoral head (=100%, day 1, Figure 6B). No
effect of FGF-2 was found at day 1. At day 7 and 14, the GAG content of the control
mandibular condyles was respectively 45 ± 4 µg/cartilage (=100%, day 7) and 63 ± 8
µg/cartilage (=100%, day 14). With FGF-2, at day 7 and 14, it was 62% and 55% of
the respective control mandibular condyles, which was significantly lower (P<0,05). In
the control femoral heads, the GAG content was 234 ± 15 and 309 ± 28 µg/cartilage,
respectively at day 7 and 14. With FGF-2, it significantly decreased to 82% and 81%
of the respective controls, at day 7 and 14 (p<0.05). No difference between both
cartilages was found at day 1. However, a significant difference between the two types
of cartilage was observed in the FGF-2 groups at day 7 and 14 (p<0.05).
Discussion
The aim of this study was to analyze the effects of FGF-2 on the growth and
metabolism of the mandibular condyle as compared to the femoral head of newborn
rats in vitro. Our analyses show that FGF-2 strongly affects the morphology and matrix
composition of the mandibular condyle. FGF-2 stimulated cell proliferation, decreased
hypertrophy and mineralization, and reduced GAG and collagen contents. However,
growth of the mandibular condyles was not affected. In the femoral heads, the main
effect of FGF-2 was a strong reduction of the hypertrophied zone leading to a
reduced growth. FGF-2 was previously reported to inhibit chondrocyte terminal
differentiation in the growth plate (Luan et al, 1996) and, recently, also in the
mandibular condyle (Ogawa et al, 2003). Our results support the inhibitory effect of
FGF-2 on chondrocyte maturation in both primary and secondary cartilages. We also
found a reduction of mineralization by FGF-2. This is consistent with a reduction of
alkaline phosphatase activity by FGF-2 found by others (Kato and Iwamoto, 1990;
Trippel et al, 1993). FGF-2, therefore, induced a stronger inhibition of chondrocyte
hypertrophy and growth in the femoral head than in the mandibular condyle.
However, hypertrophy seems to be more extensive during culture than in vivo (Copray
et al, 1983). It is therefore possible that the effect of FGF-2 on terminal differentiation
has different consequences for the cartilage growth in vivo and in vitro.
We have found differences in the mode of growth of the two types of cartilage,
which were also previously described (Copray et al, 1986; Visnapuu et al, 2000; Durkin
et al, 1973). In the mandibular condyle, appositional cell division was shown in the
chondroprogenitor layers and to a lower extent in the chondroblast layers. Interstitial
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cell division was found in the entire femoral head. For both cartilages, the effects of
FGF-2 on DNA synthesis clearly differed between short and long-term cultures. After
one day in culture DNA synthesis was stimulated by FGF-2, whereas after two weeks
DNA synthesis was reduced. Most of the earlier studies were performed on short-
term cultures and also report a mitogenic effect of FGF-2 on both primary and
secondary cartilage (Luan et al, 1996; Fuentes et al, 2002). However, one study reported
an inhibition of proliferation in the perichondrium of embryonic mouse mandibular
condyles by FGF-2 (Ogawa et al, 2003). In long-term studies, DNA synthesis was also
stimulated by FGF-2 in neonatal rat mandibular condyles, and in ovine fetal
chondrocytes from the growth plate cultured in serum-containing medium (Molteni et
al, 1999; Hill and Logan, 1992). In our study certain factors promoting DNA synthesis
might be lacking since we used a defined medium without serum to avoid interactions
between FGF-2 and serum components.
Differences between short and long-term cultures were not found for GAG
synthesis, which might indicate the existence of a different intra-cellular pathway for
its regulation. FGF-2 decreased GAG synthesis in the mandibular condyles, but not in
the femoral heads. This corroborates the stronger reduction of GAG content induced
by FGF-2 in the mandibular condyles. A decreased GAG synthesis in neonatal rat
mandibular condyles by FGF-2 was also found by others (Molteni et al, 1999). Our
data further show that FGF-2 induced a decrease in collagen content which was
stronger in mandibular condylar cartilage than in femoral cartilage. Therefore, the
matrix composition of mandibular condyles was affected more by FGF-2 than that of
the femoral heads. The existence of specific receptors and co-receptors for FGF-2 in
the two types of cartilage might explain some differences. It was reported that the
expression of heparan sulfate, a co-receptor for FGF-2, is differently distributed in
mandibular condylar cartilage and in epiphyseal articular cartilage from adult rats
(Tajima et al, 1998). FGF-2 receptors (FGFR2) were found to be distributed
throughout the entire femoral head while their expression was more intense in the
fibrous and chondroprogenitor layers of the mandibular condyle from newborn rats
(Delatte et al, 2004).
In conclusion, FGF-2 had a stronger effect on the metabolism of the mandibular
condyles as compared to the femoral heads. However, the maturation of chondrocytes
was impaired more in femoral cartilage. Moreover, FGF-2 strongly reduced growth of
the femoral heads while it did not affect that of the mandibular condyles. The
regulatory processes of growth and development therefore seem to differ in primary
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and secondary cartilage, which might be related to their specific origin, structure and
function. Interactions between growth factors and specific components of each type
of cartilage can modulate their effects and explain certain differences. In addition, the
sensitivity of the cells to growth factors and their intracellular pathway may also differ
in both cartilages, resulting in a differential control by growth factors. Our results
show that the terminal differentiation of primary cartilage in vitro is more sensitive to
growth factors such as FGF-2 than that of secondary cartilage. Functional factors may
play a more important role in the growth regulation of secondary cartilage (Copray
and Duterloo, 1986), which supports the suggested adaptive role of the mandibular
condyle during craniofacial growth (Enlow, 1996).
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Introduction
In the sixties and seventies, Moss, Petrovic, Enlow, and other well-known researchers
in the orthodontic field have thoroughly investigated craniofacial growth (Moss and
Rankow, 1968; Koski, 1968; Petrovic et al, 1975; Enlow et al, 1977). The growth
potential of the mandibular condyle and its involvement in orofacial development
attracted particular attention (Petrovic, 1972).  Although different theories on
mandibular growth have been formulated, there was consensus on the adaptive
growth capacity of the mandibular condyle. In comparison with primary cartilages, the
secondary cartilage of the mandibular condyle seems to have a lower intrinsic growth
potential and a higher sensitivity to functional factors. Primary cartilages were
considered to be more sensitive to systemic and local mediators.
Since the eighties, numerous studies have shown the effects of growth factors on
the metabolism of primary cartilages whereas only few investigations were performed
on secondary cartilages. Therefore, the current knowledge on the role of these
regulatory factors in the metabolism of the mandibular condyle is very limited. Some
studies indicate that growth factors are also potent regulators of growth of the
mandibular condyle (Tajima et al, 1998; Molteni et al, 1999; Fuentes et al, 2002).
Moreover, growth factors might play a key role in the response of the mandibular
condyle to functional factors. Recently, certain studies have raised the question
whether growth factors differentially regulate the physiology of primary and secondary
cartilages (Visnapuu et al, 2001, 2002). Therefore, the aim of the studies described in
this thesis was to compare the response to growth factors of the secondary cartilage of
the mandibular condyle with that of the primary cartilage of the femoral head.
The culture model
An in vitro culture model was used to investigate the effects of growth factors on
growth and on several histological and biochemical parameters of the two types of
cartilage. The development of these cartilages in culture differs in some aspects from
that in vivo. The zone of chondrocyte hypertrophy is narrower in vivo than in vitro, and
the amount of bone formation is much higher in vivo. However, cell proliferation,
differentiation and hypertrophy as well as matrix production that are the main
processes determining growth, all take place in culture. Therefore, this culture model is
suitable to analyze the effects of growth factors on the two types of cartilage.
Moreover, considering the complex interactions between all regulatory factors
occurring in vivo (see chapter 3), an in vitro culture system is required to determine the
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effects of a single growth factor on growth. Since our experiments were performed on
the mandibular condyle and the femoral head of rats, the observations may not be
valid for all cartilages defined as primary and secondary.
Differences between primary cartilage of the femoral head and
secondary cartilage of the mandibular condyle
The aim of this first investigation was to compare some histological and biochemical
parameters of the primary cartilage of the femoral head and the secondary cartilage of
the mandibular condyle (chapter 4). This study showed major differences between the
two types of cartilage which partly confirmed several earlier findings of others. The
tissue organization and the mode of growth differ strongly in these cartilages. They
also differ in GAG content and in the distribution of collagens. The higher amount of
GAGs and collagen type II in the femoral head leads to a higher resilience and
resistance to compressive forces. This study therefore shows that the matrix
composition of both types of cartilage is related to their specific functional
requirements. It further appears that similar growth factors are involved in the
physiology of the two cartilages, since receptors for IGF-I, TGF-ß1 and FGF-2 were
found in both.
The role of IGF-I, TGF-ß1 and FGF-2
The effects of IGF-I on both cartilages were investigated first because primary
cartilage is often considered as a target tissue for this growth factor (Carrascosa and
Audi, 1993). IGF-I stimulated the dimensional growth of both the primary and the
secondary cartilage but higher concentrations were required to stimulate growth of
femoral heads (chapter 5). Moreover, IGF-I increased the GAG synthesis of both
types of cartilage but the stimulation of proliferation was much stronger in the
mandibular condyles than in the femoral heads (chapter 5 and 6). Consequently, the
mandibular condyle appears to be more sensitive to IGF-I than the femoral head.
Growth factors such as IGF-I therefore seem to be important regulators of the
secondary cartilage. This is an interesting observation since primary cartilages are
thought to be more responsive to local mediators than secondary cartilages. However,
this hypothesis is not based on extensive experimental studies.
TGF-ß1 inhibited hypertrophy in femoral cartilage more than in condylar
cartilage, leading to a strong reduction of dimensional growth only in the femoral
heads (chapter 6 and 7). TGF-ß1 also decreased cell proliferation of both types of
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cartilage and these effects were stronger after culture for two weeks than after one
week. (chapter 7).   The culture time therefore might be a key parameter in the TGF-
ß1 effects. Indeed, it is suggested that TGF-ßs transform normal chondrocytes to
sensitive cells by modulation of receptor expression or signaling (van den Berg et al,
2001). Interestingly, after two weeks culture, TGF-ß1 induced some proliferation in
the deeper layers of the mandibular condyles. Conflicting results on the effects of
TGF-ß1 are often reported in literature and it seems that a large number of
experimental conditions may affect the response to this growth factor (Grimaud et al,
2002). Our observations show that TGF-ß1 has significant effects on the metabolism
of both primary and secondary cartilage. However, they suggest that chondrocyte
maturation and subsequent growth in primary cartilage depends more on growth
factors such as TGF-ß1 than that of secondary cartilage. For in vitro and in vivo studies,
and particularly for a therapeutic use, a possible time-dependent effect of TGF-ß1
should always be considered.
FGF-2 decreased the amount of GAG and collagen in both cartilages but the
effects were stronger in the mandibular condyles (chapter 8). Furthermore, GAG
synthesis was reduced by FGF-2 only in the mandibular condyles. In contrast, the
dimensional growth of the mandibular condyles was not affected by FGF-2, whereas
that of the femoral heads was strongly impaired. This was mainly due to a stronger
inhibition of chondrocyte hypertrophy in femoral cartilage, similar to that found with
TGF-ß1 (chapter 6, 7 and 8). In both cartilages, FGF-2 stimulated cell proliferation in
short-term cultures but reduced it in long-term cultures (chapter 8). This reduction
may be related to the loss of synergistic factors from the cartilage. In conclusion,
FGF-2 had larger effects on the metabolism of the mandibular condyles as compared
to the femoral heads. However, the terminal differentiation of the primary cartilage in
vitro was more sensitive to growth factors such as TGF-ß1 and FGF-2 than that of the
secondary cartilage. Since hypertrophy is more extensive in culture than in vivo, the
effects of TGF-ß1 and FGF-2 on the dimensional growth of cartilage in vivo might be
different. As for TGF-ß1,the factor time should also be considered in the study of the
effects of FGF-2 on cartilage.
The experiments described here demonstrate that both the mandibular condyle
and the femoral head are sensitive to all three growth factors investigated in this thesis.
The effects were generally dose-dependent. IGF-I showed a strong stimulatory effect
on the metabolism of both cartilages while TGF-ß1 and FGF-2 also had inhibitory
effects. In addition, TGF-ß1 and FGF-2 antagonized some effects induced by IGF-I.
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The major effect of IGF-I was a stimulation of dimensional growth and,
surprisingly, the effect was stronger in the mandibular condyle than in the femoral
head. The metabolism of the mandibular condyles was also more sensitive to FGF-2
and IGF-I than that of the femoral heads. On the other hand, the dimensional growth
of mandibular condyles was not impaired with TGF-ß1 and FGF-2 while that of
femoral heads was strongly reduced especially with FGF-2.
Conclusions and perspectives
In orthodontics, growth of the mandibular condyle is generally believed to be adaptive
to biomechanical factors and less responsive to growth factors. On the contrary,
primary cartilages are supposed to be highly regulated by local mediators. Our studies
show that the metabolism of the secondary cartilage of the mandibular condyle in vitro
is more dependent on growth factors than that of the primary cartilage of the femoral
head. In contrast, the dimensional growth of this secondary cartilage is less affected by
growth factors. However, this last observation is partly an in vitro artefact since
hypertrophy in culture is much more extensive than in vivo. The sensitivity of the
mandibular condyle to growth factors may be related to its adaptive growth property.
Mechanical stimuli from adjacent growing tissues and from functional activity of the
orofacial complex may induce growth factor expression in the condyle and control its
development. Further studies are needed to investigate the role of growth factors in
the transduction of functional factors in the two types of cartilage. Furthermore, the in
vivo role of growth factors in the growth of primary and secondary cartilage need to be
analyzed. These studies might lead to new therapeutic possibilities for growth
anomalies of the mandibular condyle.
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The mandibular condyle plays an important role in the growth of the mandible and is
therefore involved in the etiology of specific orthodontic problems. The secondary
cartilage of the mandibular condyle has a different embryonic origin than primary
cartilages and its growth regulation is supposed to be different. This study was
performed to compare the response to growth factors of the secondary cartilage of the
mandibular condyle and the primary cartilage of the femoral head in vitro. The culture
model makes use of cartilages from neonatal rats.
Chapter 1 explains the background of the study and provides an outline of the
thesis.
Chapter 2 is a literature review on the general composition of cartilage, the
different cartilage types, and  their major functions in the human body. The relation
between the composition of a certain cartilage and its specific function is described.
Chapter 3 deals with the complex regulatory mechanisms controlling cartilage
growth and development. Mechanical factors and systemic mediators like hormones
are key regulators of growth and metabolism of cartilage.  Growth factors like FGF-2,
IGF-I, and TGF-ß1 play a crucial role in the local regulation of cartilage metabolism.
Numerous interactions between growth factors and other regulatory factors occur at
different levels in their signaling pathways. In contrast with the abundant literature on
the effects of growth factors on primary cartilage, relatively few studies exist on their
effects on secondary cartilage such as that of the mandibular condyle. There are
indications that the response to growth factors differs in primary and secondary
cartilages.
Chapter 4 presents a comparison of certain histological and biochemical
parameters of the primary cartilage of the femoral head and the secondary cartilage of
the mandibular condyle from four-day-old rats. Major differences in tissue
organization, mode of growth, and matrix composition were found between both
cartilages. Higher amounts of GAGs and collagen type II were detected in femoral
heads which is probably related to the higher resilience and higher resistance to
compressive forces of this cartilage. This study shows that the matrix composition of
the two types of cartilage is related to their specific functional requirements. Further,
similar growth factors seem to be involved in the physiology of the two cartilages
since receptors for IGF-I, TGF-ß1 and FGF-2 were found in both, albeit in different
locations.
In chapter 5 the growth of mandibular condyles and femoral heads is compared
in vitro, and the effects of IGF-I are investigated. In this study, cartilages were cultured
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for up to two weeks with 0, 5, and 25 ng/ml IGF-I. IGF-I increased the GAG
synthesis and stimulated the dimensional growth of both the primary and the
secondary cartilage. However, higher concentrations were required to stimulate the
dimensional growth of the femoral heads, and cell proliferation was stimulated only in
the mandibular condyles. Therefore, the mandibular condyle seems to be more
sensitive to IGF-I than the femoral head. The results show that this organ culture
model is suitable to analyze the effects of growth factors on the main processes
determining growth in both cartilages.
Chapter 6 describes the effects of varying concentrations of IGF-I, TGF-ß1 and
FGF-2 on cell proliferation and GAG synthesis in the two cartilages. In addition,
interactions between growth factors were studied. Both types of cartilage were more
sensitive to IGF-I than to TGF-ß1 and FGF-2 in the concentrations used. The
stimulation of cell proliferation by IGF-I was much stronger in the mandibular
condyles than in the femoral heads. This effect was dose-dependent. TGF-ß1 and
FGF-2 were further shown to antagonize the effects of IGF-I in both mandibular
condyles and femoral heads.
The highest concentrations of TGF-ß1 and FGF-2 were used to evaluate their effects
on growth and matrix composition. FGF-2 reduced the GAG and collagen contents
of the mandibular condyles more than that of the femoral heads. The dimensional
growth of mandibular condyles was not affected by TGF-ß1 and FGF-2 while that of
femoral heads was impaired by TGF-ß1 and even more by FGF-2. This study shows
that the metabolism of mandibular condyles is more sensitive to IGF-I, TGF-ß1 and
FGF-2 than that of femoral heads. In spite of this, the growth of the mandibular
condyle was not reduced by TGF-ß1 and FGF-2. The regulatory processes of growth
and development therefore seem to differ in the two types of cartilages.
In chapter 7, the effects of TGF-ß1 on the primary and secondary cartilage were
investigated after varying culture periods. Mandibular condyles and femoral heads
were cultured for 0, 7 and 14 days with 0 and 10 ng/ml TGF-ß1. TGF-ß1 decreased
cell proliferation of both cartilages but only in femoral heads GAG synthesis was
reduced. These effects were stronger after two weeks of culture than after one week.
The dimensional growth of the femoral heads was strongly reduced by TGF-ß1
whereas that of the mandibular condyles was not affected. This was due to a stronger
inhibition of chondrocyte hypertrophy in femoral cartilage. It is concluded that
chondrocyte maturation in primary cartilage depends more on growth factors such as
TGF-ß1 than that in secondary cartilage.
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Chapter 8 presents a study into the effects of FGF-2 on both cartilages after
increasing culture periods. The cartilages were cultured for one day, one week and two
weeks without FGF-2 or with 100 ng/ml FGF-2. FGF-2 reduced the amount of GAG
and collagen in both cartilages but the effects were stronger in the mandibular
condyles. Moreover, the morphology of the mandibular condyles changed extensively.
The dimensional growth of the mandibular condyles was not affected by FGF-2 while
that of the femoral heads was much reduced. In both cartilages, FGF-2 stimulated cell
proliferation in short-term cultures but reduced it in long-term cultures. In conclusion,
FGF-2 showed a larger effect on the metabolism of the mandibular condyles as
compared to the femoral heads. The terminal differentiation of chondrocytes in
primary cartilage in vitro was more sensitive to FGF-2 than that of secondary cartilage.
In chapter 9 the results from the different studies are discussed. General
conclusions are drawn and suggestions are made for future research.
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Het kopje van het kaakgewricht speelt een belangrijke rol bij de groei van de
onderkaak en is betrokken bij het ontstaan van specifieke orthodontische problemen.
Het kaakkopje ontstaat later in de embryonale ontwikkeling dan bijvoorbeeld het
heupkopje en wordt daarom secundair kraakbeen genoemd. De meeste andere typen
kraakbeen zoals dat van de heupkop worden dan ook primair kraakbeen genoemd.
Ook wordt verondersteld dat er een verschil in de regulatie van groei is tussen primair
en secundair kraakbeen. Dit onderzoek is uitgevoerd om het effect van groeifactoren
op secundair kraakbeen van het kaakkopje en primair kraakbeen van het heupkopje te
vergelijken. In het kweeksysteem wordt gebruik gemaakt van kraakbeen van
pasgeboren ratten.
In hoofdstuk 1 wordt de achtergrond van dit onderzoek beschreven en een
overzicht van het proefschrift gegeven.
Hoofdstuk 2 is een literatuurstudie naar de algemene samenstelling van
kraakbeen, de verschillende soorten kraakbeen en hun belangrijkste functies in het
menselijk lichaam. Er wordt beschreven hoe de samenstelling van een type kraakbeen
samenhangt met zijn specifieke functie.
Hoofdstuk 3 gaat over de complexe regulatiemechanismen die de groei en
ontwikkeling van kraakbeen sturen. Mechanische stimuli en systemische mediatoren
zoals hormonen, zijn centrale factoren in de regulatie van de groei en het metabolisme
van kraakbeen. Groeifactoren zoals IGF-I, TGF-ß1 en FGF-2 spelen een belangrijke
rol in de locale regulatie van het kraakbeenmetabolisme. Er vinden vele interacties
plaats tussen groeifactoren en andere regulerende factoren op verschillende niveaus.
Over de effecten van groeifactoren op primair kraakbeen bestaat veel literatuur, maar
over hun effecten op secundair kraakbeen zoals dat van het kaakkopje is veel minder
bekend. Er zijn echter aanwijzingen dat de effecten van groeifactoren op primair en
secundair kraakbeen verschillend zijn.
In hoofdstuk 4 worden een aantal histologische en biochemische aspecten
vergeleken van primair kraakbeen van het heupkopje en secundair kraakbeen van het
kaakkopje, verkregen uit vier dagen oude ratten. Er werden duidelijke verschillen
gevonden in weefselorganisatie, groeiwijze en samenstelling van de extracellulaire
matrix. Grotere hoeveelheden GAGs en collageen type II werden gevonden in
heupkopjes dan in kaakkopjes. Dit is waarschijnlijk gerelateerd aan de hogere
veerkracht en hogere weerstand tegen compressie van het heupkraakbeen. Deze studie
laat zien dat de samenstelling van de twee typen kraakbeen samenhangt met hun
specifieke functie. Verder lijken vergelijkbare groeifactoren betrokken te zijn bij de
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fysiologie van beide typen kraakbeen omdat receptoren voor zowel IGF-I als TGF-ß1
en FGF-2 in beide gevonden zijn, alhoewel in verschillende gebieden.
In hoofdstuk 5 is de groei van kaakkopjes en heupkopjes in vitro met elkaar
vergeleken en zijn de effecten van IGF-I op de groei onderzocht. In deze studie
werden de kraakbeenkopjes tot twee weken lang gekweekt met 0, 5 en 25 ng/ml IGF-
I.  IGF-I verhoogde de aanmaak van GAGs en stimuleerde de dimensionale groei van
beide typen kraakbeen. De dimensionale groei van heupkopjes werd echter pas bij
hogere concentraties gestimuleerd en de celdeling werd alleen gestimuleerd in de
kaakkopjes. Daarom lijken de kaakkopjes gevoeliger te zijn voor IGF-I dan de
heupkopjes. De resultaten geven aan dat dit kweeksysteem geschikt is om de effecten
van groeifactoren te bepalen op de belangrijkste groeiprocessen in beide typen
kraakbeen.
Hoofdstuk 6 laat de effecten zien van oplopende concentraties IGF-I,  TGF-ß1
en FGF-2 op celdeling en de aanmaak van GAGs in beide typen kraakbeen. Daarbij is
ook gekeken naar interacties tussen de groeifactoren. Beide typen kraakbeen waren
gevoeliger voor IGF-I dan voor TGF-ß1 en FGF-2 in de gebruikte concentraties. De
stimulatie van de celdeling door IGF-I was veel sterker in kaakkopjes dan in
heupkopjes.  Deze effecten waren afhankelijk van de concentratie. TGF-ß1 en FGF-2
bleken de groeistimulatie van IGF-I te neutraliseren in beide typen kraakbeen. De
hoogste concentraties TGF-ß1 en FGF-2 werden vervolgens gebruikt om de effecten
van deze factoren op de groei en op de samenstelling van de matrix te analyseren.
FGF-2 reduceerde de GAG- en collageengehalten in kaakkopjes sterker dan die in
heupkopjes. De dimensionale groei van kaakkopjes werd echter niet geremd door
TGF-ß1 en FGF-2, terwijl de groei van heupkopjes wel geremd werd door TGF-ß1 en
zelfs nog meer door FGF-2. Deze studie laat zien dat het metabolisme van kaakkopjes
gevoeliger is voor de groeifactoren dan dat van heupkopjes. De regulatie van groei en
ontwikkeling lijkt dus inderdaad te verschillen in deze twee typen kraakbeen.
In hoofdstuk 7 worden de effecten van TGF-ß1 op beide typen kraakbeen
onderzocht na verschillende kweekperioden. Kaakkopjes en heupkopjes werden
gekweekt gedurende 0, 7 en 14 dagen in aanwezigheid van 0 of 10 ng/ml TGF-ß1. De
celdeling in beide typen kraakbeen werd geremd, maar alleen in heupkopjes werd ook
de aanmaak van GAGs geremd. Deze effecten waren sterker na een kweekperiode van
twee weken dan na een week. De dimensionale groei van de heupkopjes werd ook
sterk geremd door TGF-ß1, terwijl de groei van kaakkopjes gelijk bleef. Dit verschil
werd veroorzaakt door een sterkere remming van de hypertrofiering van chondrocyten
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in de heupkopjes. Hieruit werd geconcludeerd dat de rijping van chondrocyten in een
primair kraakbeen meer afhangt van groeifactoren zoals TGF-ß1 dan de rijping in een
secundair kraakbeen.
In hoofdstuk 8 worden de effecten van FGF-2 op beide typen kraakbeen
beschreven na verschillende kweekperioden. De stukjes kraakbeen werden gekweekt
gedurende een dag, een week of twee weken met 100 ng/ml FGF-2 of zonder deze
groeifactor. FGF-2 verminderde het gehalte aan GAGs en collageen in beide typen
kraakbeen, maar de effecten waren sterker in de kaakkopjes. Daarnaast was ook de
morfologie van de kaakkopjes sterk veranderd. De dimensionale groei van de
kaakkopjes veranderde niet onder invloed van FGF-2, terwijl de groei van de
heupkopjes sterk geremd werd. In beide typen kraakbeen stimuleerde FGF-2 de
celdeling na een korte kweekperiode, maar remde het de celdeling na een langere
kweekperiode. Dus FGF-2 liet een sterker effect zien op het metabolisme van
kaakkopjes dan op dat van heupkopjes. De einddifferentiatie van chondrocyten in
primair kraakbeen  bleek gevoeliger te zijn voor FGF-2 dan die in secundair
kraakbeen.
In hoofdstuk 9 worden de resultaten van de verschillende studies
bediscussieerd. Hier worden algemene conclusies getrokken en suggesties gegeven
voor verder onderzoek.
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Le condyle mandibulaire joue un rôle important dans la croissance de la mandibule et
est dès lors impliqué dans l’étiologie de certaines dysmorphoses rencontrées en
orthodontie. Le cartilage du condyle mandibulaire apparaît plus tard au cours du
développement embryonnaire que les cartilages dits « primaires » comme celui de la
tête fémorale et il fait donc partie du petit groupe des cartilages dits « secondaires». Il
semblerait que différents mécanismes de régulation contrôlent la croissance de ces
deux types de cartilage. Cette étude a été menée dans le but de comparer les effets des
facteurs de croissance sur le cartilage secondaire du condyle mandibulaire et sur le
cartilage primaire de la tête fémorale in vitro. L’expérimentation fut réalisée en culture
d’organe sur des cartilages provenant de rats de 4 jours.
Le chapitre 1 explique le contexte scientifique de l’étude et donne une vue
d’ensemble de la thèse.
Le chapitre 2 est une revue de littérature sur la composition générale du
cartilage, sur les différents types de cartilage et sur leur fonction principale dans le
corps humain. La corrélation entre la structure du cartilage et sa fonction spécifique y
est décrite.
Le chapitre 3 traite des mécanismes régulateurs complexes qui contrôlent la
croissance et le développement du cartilage. Les facteurs mécaniques et les médiateurs
systémiques comme les hormones sont des régulateurs majeurs de la croissance et du
métabolisme du cartilage. Les facteurs de croissance tels que FGF-2, IGF-I, et TGF-ß1
jouent quant à eux un rôle crucial au niveau de la régulation locale du métabolisme du
cartilage. De nombreuses interactions existent entre les facteurs de croissance et
d’autres facteurs régulateurs à différents niveaux. Alors que de nombreux articles
traitent des effets des facteurs de croissance sur le cartilage primaire, très peu d’études
ont analysé leurs effets sur le cartilage secondaire comme le condyle mandibulaire.
Certains éléments indiquent cependant que les facteurs de croissance pourraient
induire différents effets sur les deux types de cartilage.
Le chapitre 4 présente une comparaison de certaines caractéristiques
histologiques et biochimiques du cartilage primaire de la tête fémorale et du cartilage
secondaire du condyle mandibulaire provenant de rats de 4 jours. Des différences
majeures ont été mises en évidence entre les deux types de cartilage au niveau de
l’organisation tissulaire, du mode de croissance et de la composition de la matrice
extracellulaire. Le cartilage de la tête fémorale contient des quantités plus élevées de
glycosaminoglycans (GAGs) et de collagène de type II, ce qui est probablement à
mettre en corrélation avec l’élasticité plus importante et la meilleure résistance à la
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compression de ce cartilage. Cette étude montre que la composition des deux types de
cartilage est liée à leurs exigences fonctionnelles spécifiques. En outre, il semble que
les mêmes facteurs de croissance occupent un rôle physiologique dans le cartilage
primaire et secondaire car des récepteurs pour IGF-I, TGF-ß1 et FGF-2 ont été
trouvés dans les deux structures, quoique dans des localisations distinctes.
Le chapitre 5 compare la croissance des condyles mandibulaires et des têtes
fémorales in vitro et analyse les effets de IGF-I.  Dans cette étude, les cartilages furent
mis en culture jusqu’à une période de deux semaines avec 0, 5 et 25 ng/ml IGF-I.
IGF-I a stimulé la synthèse des GAGs et augmenté la croissance dimensionnelle du
cartilage primaire et secondaire. Cependant, des concentrations plus élevées ont été
nécessaires pour stimuler la croissance des têtes fémorales. De plus, IGF-I a entraîné
une augmentation de la prolifération cellulaire uniquement au niveau du condyle
mandibulaire. C’est pourquoi, le cartilage du condyle mandibulaire semble plus
sensible à IGF-I que celui de la tête fémorale. Les résultats montrent que ce modèle de
culture est adéquat pour l’étude des effets des facteurs de croissance sur les principaux
processus de croissance de ces deux cartilages.
Le chapitre 6 décrit les effets de concentrations croissantes de IGF-I, TGF-ß1 et
FGF-2 sur la prolifération cellulaire et la synthèse de GAGs dans les deux cartilages.
De plus, des interactions entre facteurs de croissance furent analysées. Les deux types
de cartilage ont été plus sensibles à IGF-I qu’à TGF-ß1 et FGF-2. IGF-I a stimulé
davantage la prolifération cellulaire des condyles mandibulaires que des têtes fémorales
et cette stimulation a augmenté avec la concentration utilisée. TGF-ß1 et FGF-2 ont
par ailleurs neutralisé les effets de IGF-I au niveau du cartilage primaire et secondaire.
Les concentrations les plus élevées de TGF-ß1 et FGF-2 furent sélectionnées pour
analyser les effets de ces médiateurs sur la croissance dimensionnelle et sur la
composition de la matrice. FGF-2 a davantage réduit la teneur en GAGs et en
collagène dans le cartilage condylien que dans le cartilage fémoral. Par contre, la
croissance dimensionnelle des condyles mandibulaires n’a pas été modifiée avec TGF-
ß1 et FGF-2 alors que celle des têtes fémorales a été fortement réduite avec TGF-ß1 et
plus encore avec FGF-2. Cette étude montre que le métabolisme du condyle
mandibulaire est plus sensible aux trois facteurs de croissance étudiés que le
métabolisme de la tête fémorale. Malgré cela, la croissance du condyle mandibulaire
n’a pas été affectée par TGF-ß1 et FGF-2. Les processus régulateurs de croissance et
de développement semblent dès lors être différents dans le cartilage primaire et
secondaire.
Summary in french
201
Dans le chapitre 7, les effets de TGF-ß1 furent analysés sur les deux types de
cartilage après différentes périodes de culture. Les condyles mandibulaires et les têtes
fémorales furent mis en culture pendant 0, 7 et 14 jours avec 0 et 10 ng/ml TGF-ß1.
TGF-ß1 a réduit la prolifération cellulaire dans les deux cartilages mais n’a diminué la
synthèse des GAGs que dans les têtes fémorales. Ces effets ont été plus importants
après deux semaines de culture qu’après une semaine. La croissance dimensionnelle
des têtes fémorales a été fortement réduite par TGF-ß1 alors que celle des condyles
mandibulaires n’a pas été altérée. Cette différence a résulté d’ une inhibition plus forte
de l’hypertrophie des chondrocytes dans le cartilage fémoral. Il en découle que la
maturation des chondrocytes dans le cartilage primaire dépend davantage des facteurs
de croissance comme TGF-ß1 que la maturation du cartilage secondaire.
Le chapitre 8 présente une analyse des effets de FGF-2 sur les deux types de
cartilage après différents temps de culture. Les cartilages furent mis en culture pendant
un jour, une semaine et deux semaines sans facteur de croissance ou avec 100 ng/ml
FGF-2. FGF-2 a réduit la teneur en GAGs et collagène dans les deux cartilages mais
les effets ont été plus marqués dans les condyles mandibulaires. De plus, d’importantes
modifications morphologiques ont été mises en évidence au niveau des condyles
mandibulaires. Cependant, la croissance dimensionnelle des condyles n’a pas été
modifiée en présence de FGF-2 alors que celle des têtes fémorales a été fortement
diminuée. Dans les deux types de cartilage, la prolifération cellulaire a été stimulée par
FGF-2 après une brève période de culture tandis qu’elle a été réduite après une
période plus longue en présence de FGF-2. En conclusion, les effets de FGF-2 ont été
nettement plus marqués sur le métabolisme des condyles mandibulaires que sur celui
des têtes fémorales. Cependant, la différentiation terminale des chondrocytes dans le
cartilage primaire a été plus sensible à FGF-2 que dans le cartilage secondaire.
Dans le chapitre 9, les résultats des différentes expérimentations sont mis en
corrélation et discutés, les conclusions générales sont présentées et des suggestions
sont émises pour de futures recherches.
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